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ABSTRACT 
Unlike the process of healing, studies related to the survival time of bone after 
injury are lacking and a need exists for setting descriptive standards for macroscopic 
trauma analysis of bone. The rate of macroscopic changes that occur during bone 
healing can be determined by analyzing specimens that exhibit posttraumatic injury with 
known survival times. A total of 109 specimens were analyzed from the Civil War 
Collection housed at the Armed Forces Institute of Pathology (AFIP), National Museum 
of Health and Medicine (NMHM). All specimens displayed some form of traumatic injury, 
disease, or both. 
A macroscopic assessment of each bony element was performed using a 
method practiced by Barbian and Sledzik (2008), to determine the presence of four 
responses to trauma that occur in bone and the total number of responses per 
specimen. The four responses observed in this study include a line of demarcation, 
osteoclastic activity, osteoblastic activity, and sequestration. Each specimen was scored 
1 for the presence and O for the absence of each type of bone response. Then the 
number of responses per specimen was calculated to determine a total score of all 
responses. Throughout this study, the evaluation of the total score of bone responses 
iv 
per specimen was noted to be more complex than the presence or absence of 
responses over time; therefore, stages of each bone response were proposed to modify 
Barbian and Sledzik's (2008) method. The development of stages potentially reduces 
inter-observer and intra-observer error rates by establishing terminology that can be 
utilized among anthropologists and medical specialists. 
The aim of this study was to determine if the total score of bone responses per 
specimen increased over time, and how these responses contribute to interpreting 
survival time of bone after trauma. Results of the present study demonstrate that the 
total score of bone responses to trauma per specimen did not increase over time, but 
remained consistent between 1 and 13+ weeks post injury, with the exception of weeks 
3, 4, and 13+ post injury. The line of demarcation was not present in later stages due to 
the fact that this response was typically obliterated or obscured by callus formation or 
necrosis. Osteoclastic activity was the prevailing response to injury observed at all 
weeks post trauma. Osteoblastic activity was inconsistent throughout all weeks, 
displaying erratic callus formation and a lack of bone remodeling. In addition, 
sequestration was observed only at later time intervals and indicated the presence of 
infection. The findings from the current study can assist forensic anthropologists in the 
ability of recognizing and interpreting antemortem trauma from perimortem trauma and 
postmortem damage in the event that the traumatic injury may be forensically significant. 
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1. Introduction 
Determination of the injury interval (antemortem, perimortem, or postmortem) 
exhibited on bone is one of the most important analyses in trauma assessment and is a 
significant responsibility of a forensic anthropologist during an investigation (Galloway et 
al., 1999a; Sauer, 2008). Specifically, a forensic anthropologist needs to be able to 
distinguish antemortem injury (injury prior to death), from perimortem injury (injury 
occurring at or around the time of death), or postmortem damage (period after death) 
(Galloway et al., 1999a; Sauer, 2008; Wieberg and Wescott, 2008). By distinguishing 
the time interval in which the injury occurred the forensic anthropologist can determine if 
there were injuries to the skeleton while the individual was still alive (during the 
antemortem time interval). Once antemortem injuries are identified, the forensic 
anthropologist can estimate how long the individual survived after injury based on the 
amount of healing exhibited to the bone at the time of death (Sauer, 2008). If a forensic 
anthropologist can determine the survival time of the individual after injury they may be 
able to assist in reconstructing the event leading to the injury and possibly contribute to a 
positive identification (Galloway et al., 1999a). 
1.1. Determining the Forensic Significance of Injury: The forensic significance of an 
injury to bone may be determined by the forensic anthropologist once the time interval of 
that injury has been established. Antemortem trauma presents alterations to bones that 
differ from those of perimortem trauma and postmortem taphonomic effects, and 
includes the most prevalent indicator, evidence of healing (Holland, 1997; Ubelaker and 
Smialek, 2009). Evidence of healing explored in previous studies include new bone cell 
proliferation, callus formation, angular deformation, and bone remodeling (Ubelaker and 
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Adams, 1995; Lovell, 1997; Galloway et al., 1999a; Jurmain, 2001; Barbian and Sledzik, 
2008; Redfern, 2009; Cattaneo et al., 2010; Scott and Buckley, 2010). 
A forensic anthropologist can determine if an injury occurred during the 
perimortem interval, which typically implies trauma associated with death; however, the 
cause and manner of death are determined by a medical examiner or coroner (Sauer, 
2008; Mann et al., 2009). According to a study performed by Wieberg and Wescott 
(2008), bone moisture content plays a significant role in differentiating fracture 
morphology of perimortem fracture from postmortem damage. Wieberg and Wescott 
(2008) explored fracture characteristics commonly used by forensic anthropologists in 
skeletal trauma assessment such as: bone coloration, fracture outline, fracture surface 
appearance, fracture angle, and microscopic evaluations. Previous studies reveal that 
perimortem fractures exhibit "fresh" breaks with characteristics such as "homogenous 
coloration of internal and external bone surfaces", "irregular fracture edges", "typically 
obtuse and acute fracture angles" (Wieberg and Wescott, 2008; p. 1029), and 
microscopically observed as "rough, string-like traits" (Shipman et al., 1985). In addition, 
Maples (1986) reported that these fresh perimortem characteristics can be observed up 
to several weeks after death. Despite these fresh fracture appearances, these 
characteristics of perimortem injury are distinguished from characteristics of antemortem 
injury in that the former has a lack of evidence of healing (Galloway et al., 1999a; Sauer, 
2008). 
Characteristics of damage that occurs within the postmortem interval include 
jagged or stepped edges at a fracture site and dry bone content (Sauer, 2008; Wieberg 
and Wescott, 2008). In the prolonged postmortem period, bone loses its moisture 
content and elastic properties causing the bone to exhibit: sharp edges, small bone 
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fragments, brittle flaking or shattering of bone, bone surface cracking, and stepped 
appearance at both microscopic and macroscopic levels (Shipman et al., 1985; 
Galloway et al., 1999a; Wieberg and Wescott, 2008). In addition, alterations to bone 
that occur after death are known as taphonomic effects, and are used by the forensic 
anthropologist to estimate the postmortem interval (Sauer, 2008). Some taphonomic 
effects that potentially contribute to the postmortem interval estimation include but are 
not limited to bone weathering, carnivore activity, and environmental effects such as sun 
bleaching (Ubelaker, 2006). Time since death, the time from death until the individual is 
discovered, differs from the time since injury in that the latter is interpreted based on 
evidence of healing, while time since death is typically interpreted by taphonomic effects 
and rate (or stage) of decomposition (Ubelaker, 2006; Sauer, 2008). 
It is important to distinguish postmortem effects as unrelated to antemortem 
injury, so that those effects do not obscure any healing characteristics that may 
contribute to determining time between injury and death. Antemortem injury and 
postmortem effects are clearly differentiated by evidence of healing; however, 
perimortem injury is more difficult to distinguish from postmortem damage (Symes et al., 
2002). Symes et al. (2002) found difficulty in distinguishing perimortem injury from 
postmortem damage (taphonomic effects) in dismemberment cases. The interval is thus 
determined based on whether or not the injury occurred "before or after advanced 
decomposition (specifically, bone elasticity loss)" (Symes et al., 2002; p. 406). 
After distinguishing that the injury is a result of antemortem trauma, the forensic 
anthropologist can then interpret the amount of healing to infer the time between the 
inflicted injury and death. Microscopic and macroscopic indicators of bone response at a 
site of injury are used to interpret the phase of healing and establish the time between 
3 
injury and death (Sauer, 2008). The current study focuses on macroscopic 
characteristics; however, it is crucial for a forensic anthropologist to understand 
microscopic characteristics of healing as well. There has been limited research 
conducted to link microscopic and macroscopic bone response to injury during an 
evaluation, yet the function of bone at a microscopic level is fundamental to macroscopic 
events (Cattaneo et al., 2010). 
1.2. Bone's Responses to Injury: A forensic anthropologist must have an 
understanding of bone biology and biomechanics in order to make an accurate 
assessment of time since injury and the injury interval (Galloway et al., 1999a). The 
structural components of bone, role of the periosteum, and function of bone cells are 
recognized biological contributors to the rate of bone healing in that they are critical to 
the vitality of bone during remodeling (Schultz, 1997; Galloway et al., 1999a; White, 
2000). Furthermore, these biological contributors to bone healing are influenced by 
biomechanical factors that affect bone at the time of injury such as: Wolff's law and 
Young's modulus, the forces that cause injury, and type of fractures that result from 
external forces (Galloway et al., 1999b; Currey, 2002). In the present study, bone 
responses to injury were observed through phases of healing, providing a basis for 
understanding the normal healing process. Since these phases are progressive over 
time, features that are observed within each phase can be interpreted in relation to a 
typical time frame. 
1.2.1. Bone Biology: A comprehensive understanding of the components of bone 
properties is essential for interpreting features of the healing process during skeletal 
analysis (Symes et al., 2002). At a basic biological level, bone is a composite material 
formed by approximately 25% water and 75% organic and inorganic materials (Schultz, 
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1997). Approximately 25% of bone matrix is comprised of organic material (collagen 
and other proteins) and 50% inorganic material (hydroxyapatite) (Schultz, 1997). Bone 
is able to sustain stresses due to the interlocked arrangement of collagen fibers, 
providing a degree of elasticity critical to the function of bone in resisting force (White, 
2000; Pearson and Lieberman, 2004). White (2000) reports that the strength and 
thickness of bone is enhanced when hydroxyapatite mixes with collagen. These 
characteristics of moisture content are critical for the forensic anthropologist to 
differentiate bone fractures that occur when bone is living or dead. 
Knowledge of the characteristics of living bone is critical for understanding the 
condition of bone in relation to sufficient blood supply and nutrition. It is well established 
(White, 2000) that the function of the medullary cavity and the trabecular bone layers 
function to hold red and yellow bone marrow. This also contributes to blood cell 
production for bone growth and healing (White, 2000). Yellow marrow, which mostly 
consists of fat cells, typically replaces red marrow, which produces red and white blood 
cells (Schultz, 1997). The abundance of the red blood supply to the site of injury 
contributes to the rate at which healing occurs in long bones (Schultz, 1997; White, 
2000). 
Basic structural components of bone must also be considered when assessing 
bone growth. The two types of basic structural components of bone include cortical, or 
compact bone, and cancellous or spongy bone, also referred to as diploe in cranial 
bones (Schultz, 1997). The dense structure of cortical bone found in the diaphysis of 
long bones is distinguished from porous and lightweight structural component of 
cancellous bone found at the epiphyses of long bones and in flat bones (Schultz, 1997; 
White, 2000). Bone can be viewed at a microscopic level as woven or lamellar bone 
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structure (Schultz, 1997; White, 2000). Woven bone consists of haphazard organization 
of collagen fibers, which allow blood vessels and nerves to travel through the bone, 
while lamellar or mature bone consists of structural units called osteons (Schultz, 1997; 
White, 2000). At the center of an osteon is a Haversian canal, which runs longitudinally 
and allows blood and nerves to travel through the cortical component of long bones 
(Schultz, 1997). Haversian canals are connected to each other by Volkmann's canals, 
which "run transversely through compact bone, vertically entering the external or internal 
bone surface" (Schultz, 1997; p. 196). 
The periosteum and endosteum, the connective tissues adhering to the external 
and internal surfaces of long bones respectively are essential to the nourishment of 
cortical bone (Schultz, 1997; White, 2000). The periosteum contains two levels of 
connective tissue, the external layer, the stratum fibrosum and the internal layer, the 
stratum osteogenicum (Schultz, 1997). Sharpey's fibers, found on the external layer 
(stratum fibrosum), are comprised of collagen fibers, which allow the periosteum to 
adhere to the external bone surface (Schultz, 1997). This adhesion allows the internal 
layer of connective tissue (stratum osteogenicum) to retain blood vessels, nerves, and 
cells that are vital to bone survival _(Schultz, 1997). On the internal surface of cortical 
bone, the endosteum exists in conjunction with cancellous bone to maintain sufficient 
blood and nutrients (Schultz, 1997; White, 2000). Both the periosteum and endosteum 
are able to generate new bone, which is essential to the healing process (Schultz, 1997). 
Responses of bone to injury rely on the vitality of bone, which instills the need for 
sufficient blood supply and a healthy periosteum for the process of bone healing 
(Schultz, 1997). According to Schultz (1997), the periosteum is the most important 
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structure for bone regeneration following fracture; therefore, bone without the periosteum 
lacks proper nutrients for the survival of bone cells. 
1.2.1.1. Bone Cell Functions: The resorption of bone by osteoclasts contributes to the 
process of bone development in which pre-existing bone tissue is removed so it can be 
replaced by new bone (White, 2000). The replacement of bone is performed by 
osteoblasts, which secrete bone matrix called osteoid (Schultz, 1997; White, 2000). 
Osteoid calcifies into lamellar bone over time as calcium phosphate is added to the 
osteoid matrix (White, 2000). As the osteoblast becomes embedded in the osteoid 
matrix, it forms an osteocyte, which resides in lacunae, the location for maintaining bone 
tissue (Schultz, 1997; White, 2000). Osteocytes communicate to each other and surface 
cells by canaliculi, which are small canals that connect lacuna and Haversian canals 
(Schultz, 1997; White, 2000; Martin and Sims, 2009). 
Previous research by Martin and Simms (2009) and Pearson and Lieberman 
(2004) state that communication between osteoclasts and osteoblasts is critical to the 
process of remodeling. Martin and Simms (2009) provide a couple of possible 
explanations to how these cells sense the correct amount of bone to resorb or the 
amount of bone to build. One possible explanation is that the cement line represents a 
location for the arrestation of osteoclasts and initiation of osteoblasts, or both (Martin 
and Simms, 2009). Specifically, pre-osteoblasts lay down a thin layer of collagen along 
the resorption pit, which is referred to as the cement line or reversal line (Martin and 
Simms, 2009). The cement line is made up of osteoclasts and osteoblasts, which 
suggests this area is a meeting point for osteoclastic and osteoblastic activity, potentially 
serving as a signal point in the communication between osteoclasts and osteoblasts 
(Martin and Simms, 2009). 
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Little research has been conducted on how these signals are translated by bone 
cells; however, Martin and Simms (2009) report that there is a spatial and chemical 
method of communication between osteoclasts and osteoblasts in bone during fracture 
repair and remodeling. In addition to Martin and Simms (2009), Pearson and Lieberman 
(2004) suggest that bone cells sense mechanical stresses that give off signals that are 
translated and communicated to other cells, which subsequently respond. These 
potential explanations provide a framework for understanding bone cell function and how 
it relates to bone's response to injury and mechanical stresses (Pearson and Lieberman, 
2004; Martin and Simms, 2009). 
1.2.2. Bone Biomechanics: Living tissue can repair and reshape itself by the process 
of laying down new bone where needed and resorbing bone where not needed, also 
known as Wolff's Law (Pearson and Lieberman, 2004). According to Pearson and 
Lieberman (2004; p .3), "bone is deposited and resorbed to achieve an optimum balance 
between strength and weight". On a daily basis, bone is constantly loaded and bone 
cells are constantly responding to mechanical loads, such as muscle pulling, body 
weight, being struck by an object, or by bone striking an object (Galloway et al., 1999b; 
Pearson and Lieberman, 2004). Bone tissue initially responds to mechanical loads in 
the form of elastic deformation, and then in the form of plastic deformation until the point 
in which bone no can no longer resist force (failure point) (Berryman and Symes, 1998; 
Galloway et al., 1999b; Pearson and Lieberman, 2004). The failure point is dependent 
upon the rate and duration of strain on bone (Pearson and Lieberman, 2004). Once 
bone reaches a level that it can no longer withstand the applied force it breaks. 
Fractures, the most common type of injury to bone (Galloway et al., 1999b), are 
typically produced by stress and strain applied to the bone (Currey, 2002). The amount 
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of stress on bone is typically formulated by dividing the applied force by the cross-
sectional area (Currey, 2002). Stress may cause the bone to become distorted, 
whereas strain refers to the "actual change in the shape" of bone (Galloway et al., 
1999b; p. 37). The amount of strain applied to a bone is typically calculated by dividing 
the degree of deformation of bone over dimension of the bone (Galloway et al., 1999b; 
Currey, 2002). Galloway et al. (1999b; p. 37) describe strain as the "ratio of the amount 
of change in the dimension to the original form of the bone". Some of the dimensions 
altered by strain include length, width, height, area, and angulation (Galloway et al., 
1999b; Pearson and Lieberman, 2004). Stress and strain are applied as tensile force, 
compressive force, or in most cases both (Galloway et al., 1999b; Pearson and 
Lieberman, 2004). Compression is characterized by the "squeezing of bone that 
decreases the dimension of tissue" (Galloway et al., 1999b; p. 47), and tension is 
characterized by the "pulling apart" of bone causing the lamellar fibers to appear 
"stretched out" when viewed microscopically (Galloway et al., 1999b; p. 48) Notably, 
bone is nearly twice as strong in compression as it is in tension due to the brittle and 
ductile components of the bone (Berryman and Symes, 1998). 
In addition to tension and compression, the other common forces effecting 
fracture include shearing, rotation, and angulation (Galloway et al., 1999b). Galloway et 
al. (1999) describe shearing as the process of sliding of bone tissue and it can occur in 
conjunction with rotational forces that rotate bone tissue. Both of these processes 
typically occur with compressive forces applied to bone that cause a fracture to the bone 
(Galloway et al., 1999b). Angulation, or the bending of bone, is typically associated with 
both tensile and compressive forces during fracture (Galloway et al., 1999b). Ubelaker 
and Adams (1995) observed that in the event that blunt force trauma or a gunshot 
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wound results in a butterfly fracture to a long bone, the bone bends to create a concave 
surface in response to compressive forces and a convex surface as a response to 
tensile forces. When a compressive force is applied to the bone, the bone typically 
splinters or multiple fractures occur on one side of the bone (Ubelaker and Adams, 
1995). In contrast, tensile force is thus produced as a linear fracture on the contra 
lateral side of the bone (Ubelaker and Adams, 1995). However, Ubelaker and Adams 
(1995) argue that postmortem damage to dry bone can also appear as perimortem 
injuries typically resulting in butterfly fractures, therefore, coloration and fracture patterns 
should be analyzed carefully. 
The stiffness of bone material can be measured by dividing the stress by the 
strain, which is represented by Young's modulus, also known as the modulus of 
elasticity (Galloway et al., 1999b). The depiction of Young's modulus displays an 
increase in stress by an increase in strain (Figure 1 ). When the strain applied to bone is 
equivalent to the force applied, the bond between atoms is not broken (Galloway et al., 
1999b). Since the bonds are not broken, bone absorbs the force, which enables bone to 
return to its original shape after loading stops (Berryman and Symes, 1998; Galloway et 
_al., 1999b; Love and Symes, 2004). This state is referred to as elastic deformation 
(Galloway et al., 1999b). If the loading persists to the point where the bond between 
atoms break, bone has passed the "yielding" point and transitioned into a state referred 
to as plastic deformation (Galloway et al., 1999b; Love and Symes, 2004). During 
plastic deformation, bone loses its elasticity and the "slippage between layers of atoms 
result in permanent damage" (Galloway et al., 1999b; p. 39). At the point in which 
forces or applied load becomes too much for the bone to resist, the bone breaks at what 
is referred to as the failure point (Berryman and Symes, 1998; Galloway et al., 1999b; 
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Love and Symes, 2004). The failure point is a result of a high amount of stress and a 
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Figure 1. Young's modulus, or the modulus of elasticity shows the relationship 
between stress and strain. The strain changes as stress increases (Galloway et 
al.,1999b;p. 38). 
The applied stress in comparison to the toughness of material must be taken into 
consideration when evaluating the etiology of a fracture (Love and Symes, 2004). A 
previous report by Lovell (1997) categorizes the etiology of fractures, which contributes 
to the evaluation of the nature of an injury to bone. At a macroscopic level, a fracture 
can be categorized as comp.lete or incomplete (Lovell, 1997). A complete fracture is 
characterized by the "break in the continuity of bone" (Lovell, 1997; p. 141 ), while 
incomplete fractures do not exhibit a break in the continuity of bone (Lovell, 1997). 
These types of fractures can be produced by indirect trauma, fractures that occur at any 
location other than the point of impact (Lovell, 1997), or direct trauma, characterized by 
a break that occurs "at the point of impact" (Lovell, 1997; p. 141 ). 
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Additionally, the type and severity of a fracture may promote or hinder the typical 
amount of time required for bone healing (Galloway et al., 1999b). The types of 
fractures that result from direct trauma include: penetrating, comminuted, transverse, 
and crush, which includes depression, compression and pressure fractures (Lovell, 
1997; Galloway et al., 1999b). Indirect trauma typically results in spiral, oblique, 
torus/greenstick, impacted, burst, or comminuted fractures (Lovell, 1997; Galloway et al., 
1999b). An example of a complete fracture is a comminuted fracture typically caused by 
high velocity bullets or blunt force trauma to the cranial bones (Lovell, 1997). In addition, 
an example of the incomplete fracture is a crush fracture, or depressed fracture, typically 
caused by a low velocity projectile, such as a musket ball or shotgun pellets (Lovell, 
1997; Galloway et al., 1999b). Furthermore, Claes et al. (2006) report that the healing of 
a fracture can be strongly influenced by the open or closed nature of the fracture; 
however, this cannot be determined without the presence of soft tissue (Claes et al., 
2006). 
1.3. Phases of Healing: The time between wound healing and death has been widely 
explored by pathologists; however, time between skeletal trauma and death has not 
been given the same attention (Oehmichen et al., 2009; Cattaneo et al., 2010). Due to 
the lack of attention given to the time between skeletal trauma and death, it is necessary 
to reference stages of healing that include both hard and soft tissue. Maat (2008) 
compiled a list of thirteen stages of healing entitled "Healing Phases and Histological 
Timetable for Natural Fracture Healing without Surgical Intervention in Adults" (Maat, 
2008; p. 246) that incorporate bone and soft tissue, the time frames that they are 
typically associated with, and microscopic and radiographic features that are observed in 
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response to injury. Maat's list is summarized in Table 1 and designated by phase 
number for referencing purposes. 
Table 1. Maat's Phases of Healing_. 
Phase# Healing Phase Name Time Frame 
immediately 
1 Hemorrhage and torn periosteum to 48 hours 
2 cell debris and phagocytosis in 2-5 days 
3 Newly formed cartilage and osteoid after 3-5 days 
4 Loss of fracture line definition after 4-7 days 
5 Well-developed new bone spicules and cartilage after 7 days 
6 Start of osteoid mineralization after 10-12 days 
7 Woven bone after 12-20 days· 
8 Osseous procallus (primary callus) after 14-21 days 
9 Bridging after 3-4 weeks 
10 Periosteal reaction incorporation after 6 weeks 
11 Osseous hard callus (secondary callus) after 2-3 months 
12 Perfect reconstruction after 1-2 years 
13 Pseudoarthrosis after 6-9 months 
During phase 1, immediately after injury, ruptured blood vessels cause a 
hematoma at the site of injury (Maat, 2008). Inflammation at the site of injury is also 
associated with phase 1 and typically occurs between 24 and 48 hours after injury 
(Maat, 2008). During phase 2, "fibroblasts invade at the margin" (Maat, 2008; p. 246) of 
the hematoma and a weak procallus consisting of soft tissue begins to form. "Empty 
lacunae", or the "absence of osteocytes near fracture cleft" (Maat, 2008; p. 246) are 
observed during phase 2 at the microscopic level, as well as viewed radiographically 
between 2 and 5 days after injury (Maat, 2008). Phase 3 is described by Maat (2008) as 
a microscopically visible "fibrocartilagenous soft callus" composed of chondroblasts and 
osteoblasts, and osteoid bone matrix. Phase 3 is typically observed between 3 and 5 
days after injury and phase 4 is typically observed between 4 and 7 days after injury 
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(Table 1 ). Lacunae are first observed at a microscopic level during the fourth stage of 
healing, along with the "beveling and smoothing of fracture ends" (Maat, 2008; p. 246). 
These two features were also observed radiologically (Maat, 2008). At a macroscopic 
level, Barbian and Sledzik (2008) observed smoothing and rounding of sharp fracture 
edges at approximately one week after injury. Notably, no macroscopic evidence of 
healing was observed within the first week of Barbian and Sledzik's (2008) study. Phase 
5 occurs after 7 days post injury and can be observed microscopically and radiologically 
as "new bone spicules dispersed through soft tissue callus" (Maat, 2008; p. 246), as 
well as the "start of endosteal and periosteal osteogenesis separable from the cortex" 
(Maat, 2008; p. 246). In support of Maat's phase 5, previous studies such as Yamagishi 
and Yoshimura (1955), Claes et al. (2006), and Mabilleau and Edmonds (2010), report 
osteoclastic activity and osteoblastic activity (osteogenic cells) were observed together 
in the proliferative stage of initial callus formation. Phase 6 is defined as "osteoid 
mineralization" observed at a microscopic level between 10 and 12 days after injury. 
Additionally, Galloway et al. (1999) suggest that resorption can be observed near the 
fracture site at about thirteen days after injury where the periosteal membrane has been 
torn from the bone. During phase 7, the "aggregation of bone spicules into woven bone 
from periphery to center of fracture cleft" (Maat, 2008; p. 246) can be observed 
microscopically and radiologically. In other words, osteoblastic activity leads up to the 
buildup of osseous deposits (bone spicules) resulting in woven bone production between 
12 and 20 days after injury (Schultz, 1997; White, 2000). Woven bone is observed 
during this phase as the "fusiform temporary union (not hard, but clinical stable union)" of 
fractured portions of bone (Maat, 2008; p. 246). Yamagishi and Yoshimura (1955) 
observed newly formed bone tissue and a uniting callus two weeks after injury. Woven 
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bone differs from a primary callus (phase 8) in that the latter is a "clearly visible external 
callus" (Maat, 2008; p. 246). Galloway et al. (1999a) observed fibrous connective tissue 
under and around the damaged periosteum, leaving a clearly visible callus 
approximately 15 days after injury. According to Maat, the "start of remodeling of woven 
bone into longitudinally oriented lamellar bone" is observed 14 to 21 days after injury 
(Maat, 2008; p. 246). In addition to Maat's (2008) microscopic and radiological 
observations, Yamagishi and Yoshimura (1955), Schultz (1997), White (2000), and 
Cattaneo et al. (2010) observed macroscopic primary callus between 14 and 21 days 
after injury. At this point reparation stops and remodeling begins (Maat, 2008). Phase 9 
is characterized by the "union by bridging of cortical bone" (Maat, 2008; p. 246), which 
is observed microscopically, radiologically (Maat, 2008), and macroscopically at its 
maximum size 3 to 4 weeks after injury (Yamagishi and Yoshimura, 1955). Additionally, 
Yamagishi and Yoshimura (1995) report severe necrosis observed 4 weeks post injury. 
Phase 10 occurs after 6 weeks as "periosteal reaction becomes firmly incorporated in 
cortex", (Maat, 2008; p. 246). This feature (periosteal reaction to bone) can be 
observed microscopically, radiologically, and macroscopically (Barbian and Sledzik, 
2008; Maat, 2008). The eleventh phase, which is observed 2 to 3 months after injury, is 
referred to as an osseous hard callus, or secondary callus (Maat, 2008). A secondary 
callus forms as woven bone hardens into lamellar bone and at this time, a callus 
internally and externally bridges the gap between fracture ends (Yamagishi and 
Yoshimura, 1955). The length of time for the union of a fracture depends on the rate in 
which mature lamellar bone forms from callus precursors and the type of fracture (Lovell, 
1997; Galloway et al., 1999b). The following phase typically occurs between one and 
two years after injury (Maat, 2008). This phase, phase 12, is called the "perfect 
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reconstruction" phase and relates to bone remodeling back to its original shape (Maat, 
2008). The last phase, phase 13, occurs out of sequential order. Phase 13 is the 
pseudoarthrosis phase, which does not occur in every case and most often will not occur 
(Maat, 2008). The pseudoarthrosis phase may occur in individuals with inadequate 
healing between six and nine months after injury, typically due to insufficient mobilization 
(Maat, 2008). 
Overall, the reparative phase (phases 1 through 8) is quick compared to the 
remodeling phase (phases 9 through 12), which can take years to complete (Currey, 
2002; Love and Symes, 2004). Lovell (1997) estimates between six and nine years for 
an adult bone to remodel back to its original form, strengthening along lines of 
mechanical stress. Most importantly, individuals heal at different rates; therefore, the 
time one individual requires to complete a phase of healing may differ from another's 
(Galloway et al., 1999a). 
1.4. Complications of Healing: The length of time required for the production of bone, 
or other signs of healing depends on many factors that include but are not limited to: the 
health of the individual, the impairment or loss of blood supply after injury, and the effect 
of soft tissue damage (Lovell, 1997; Galloway et al., 1999a; Barbian and Sledzik, 2008; 
Sauer, 2008). In a study conducted by Van Der Merwe et al. (2009), skeletal trauma 
and amputations to 19th century miners from South Africa were evaluated to determine 
the types of trauma present and their frequency. Such information provides important 
information regarding lifestyle, presence of interpersonal violence, working conditions, 
and availability of medical care (Van Der Merwe, 2009). The individuals examined were 
immigrant mineworkers of low socioeconomic status, malnourished and exposed to an 
infectious environment, which indicates exposure to factors that potentially delay 
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healing. Despite the deterring factors, the individuals displayed well-healed and healing 
fractures. The prevalence of infection, as indicated by periosteal activity, irregular bone 
growth, and extensive remodeling (Van Der Merwe, 2009), suggested that individuals of 
such samples practiced poor nutrition and cleanliness, and lacked medical attention. 
In addition, Lovell (1997), states that if the immune system is unable to 
successfully fight against infection, bone responses to injury are usually visible in the 
form of periostitis or osteomyelitis. Periostitis is characterized by an "inflammation of the 
periosteum" (Lovell, 1997; p. 146), and osteomyelitis exhibits a "more severe bone 
infection that involves the medullary cavity" (Lovell, 1997; p. 146). Osteomyelitis may 
cause the bone to feel heavier and may appear as thickened bone around the fracture 
area (Lovell, 1997). Lovell reports that posttraumatic osteomyelitis is most commonly 
observed in the "cranium and long bones of archaeological skeletons" (Lovell, 1997; p. 
146) and most likely due to the absence of antibiotics. Pathognomic evidence of 
osteomyelitis results from the "development of subperiosteal abscesses that deprive the 
bone of its blood supply" and typically leads to necrosis (Lovell, 1997). A sequestrum of 
dead bone forms as a result of infection, but the "periosteum continues to produce new 
bone around the sequestrum resembling a shell of bone" (Lovell, 1997; p. 146), which is 
called an involucrum (Lovell, 1997; p. 146). An involucrum is typically accompanied by a 
cloaca, which is defined as "a sinus that allows pus to drain through the involucrum to 
the external skin surface" (Lovell, 1997; p. 146). As a result, when periostitis, 
osteomyelitis, sequestrum, and/or involucrum are observed, a forensic anthropologist 
becomes aware that the individual may have experienced infection. 
Another observed complication of healing is characterized by insufficient blood 
supply to the site. At the fracture site, a hematoma plays a beneficial role in fracture 
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healing; however, an increase in hematoma volume can have negative effects on 
fracture healing by restricting blood flow (Hak et al., 2006). "Bone displacement may 
also compress or twist blood vessels" (Lovell, 1997; p. 146), ultimately restricting blood 
flow to the fracture site and delaying the healing process. If blood and nutrients are 
restricted from bone, bone death (also known as necrosis) may occur at any time 
between one week and 4 years after injury (Lovell, 1997). In fact, Barbian and Sledzik 
(2008) observed necrosis 2 weeks after injury in cranial specimens, and as previously 
mentioned, Yamagishi and Yoshimura (1955) observed severe necrosis in long bones 4 
weeks after injury. 
The degree of soft tissue trauma surrounding the fracture site has been 
suggested to affect the rate of healing as well. Claes et al. (2006) hypothesized that 
moderate soft tissue damage affects the course of fracture healing. Claes et al (2006) 
observed the development of hematoma and inflammation around the fractured bone the 
first day following injury. After 3 days, fibrous connective tissue occupied 64% of the 
callus area, fibrous cartilage and endochondral ossification was exhibited close to 
fracture gap, and fibrous connective tissue filled the fracture gap in specimens of their 
sample (Claes et al., 2006). These soft tissue findings are consistent with previously 
mentioned studies suggesting fibrous connective tissue is observed between three and 
seven days after injury, as well as a loss of fracture line between four and seven days 
(Maat, 2008). Notably, callus formation was observed with moderate soft tissue damage 
seven days after injury (Claes et al., 2006). The results of this experiment reveal clear 
differences in the early blood flow during the first twenty-four hours and in callus length 
and bone formation between a group with soft tissue trauma around the fracture site and 
one without. However, Claes et al. (2006) concluded that the effects of soft tissue 
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trauma on fracture healing processes are limited to the early phase of the healing 
process, and were only observed to delay healing time in severe open fractures, and not 
in minor, closed fractures (Claes et al., 2006). 
1.5. Why Determine Time Since Traumatic Injury in Bone?: During a skeletal 
analysis, a forensic anthropologist determines the biological profile (age, sex, ancestry, 
and stature) and any skeletal anomalies that may aid in positive identification (Smith, 
1984). The presence of these anomalies may exclude certain individuals from an 
investigation or become an extremely valuable piece of evidence in making a positive 
identification. Smith (1984) reports that an individual whose death that occurred as a 
result of violence typically exhibits injuries to the skeleton. An individual injured 
antemortem typically goes to a hospital to be treated, where the injury is documented in 
medical records (Burrows, 1986; Viner, 2008). Medical records may include information 
about the time of injury, biological profile, and radiographs, which may be used in 
forensic investigations, if needed (Burrows, 1986; Viner, 2008). Radiographic records 
allow antemortem radiographs to be compared to postmortem radiographs to assist in 
positive identification (Ralston, 1967; Keuhn et al., 2002). 
Determining the survival time of an individual after a skeletal injury serves a 
significant role in forensic investigations of human remains displaying antemortem 
trauma. Specifically, evidence of healing reveals information regarding the survival time 
of an individual after traumatic injury. The aim of the current study is to determine if the 
number of bone responses to injury increases over time and how these responses 
contribute to the interpretation of survival time after skeletal injury. Accordingly, the 
analysis of bone responses to injury and survival time post injury can assist the forensic 
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anthropologist in interpreting what happened to the victim and potentially aid in positive 
identification. 
2. Materials and Methods 
In 1862, during the Civil War, Surgeon General William Hammond initiated a war 
medical museum to collect specimens from the battlefields and hospitals (Blaisdell, 
1988). This museum, the Army Medical Museum (AMM), was established to maintain 
medical records and specimens such as bone, projectiles, and foreign bodies (Henry, 
1964). Between 1870 and 1883, the medical records collected by hospitals and field 
surgeons were consolidated in the Medical and Surgical History of the War of Rebellion 
(MSHWR), the first major American academic contribution to medical history (Blaisdell, 
1988; Manring et al., 2009). Later, medical research, photographs, and a library 
cataloging system were produced for the museum in the late 19th and early 20th century 
(http ://nm hm. washingtondc. museum/col lections/g u ide/g an atom ical/anatom ical_ speci me 
ns_history.pdf). World War II changed the focus of the museum from medical research 
to pathology and in 1946, the AMM became a division of the Army Institute of Pathology 
(Al P) (http://nm hm. washingtondc. museum/collections/guide/ganatom ical/ 
anatomical_specimens_history.pdf). In 1949, the AIP became the Armed Forces 
Institute of Pathology (AFIP) (http://nmhm.washingtondc.museum/collections/guide/ 
ganatomical/anatomical_specimens_history.pdf). Then in 1956, the museum's library 
and archives were transferred to the National Library of Medicine at the Walter Reed 
Army Medical Center (http://nmhm. washingtondc. museum/collections/g uide/ganatomical 
/anatomical_specimens_history.pdf). Soon after (1974) the AMM was named the Armed 
Forces Medical Museum, and in 1989 it was renamed the National Museum of Health 
and Medicine (NMHM) (http:/lnmhm.washingtondc.museumlcollectionsl 
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guide/ganatomical/anatomical_specimens_history.pdf). The NMHM remained at Walter 
Reed Army Medical Center in Washington, DC until April 2011 and is being relocated to 
Forest Glen Annex in Bethesda, MD in the summer of 2011 (http://nmhm.washingtondc. 
museum/news/exhibits_closing.html). 
The Civil War Collection (1862-1865) at the NMHM contains over 2,000 skeletal 
specimens that exhibit injury as a result of trauma and/or disease (Barbian and Sledzik, 
2008). This collection of human bone specimens consists of both cranial and postcranial 
fragments as well as projectiles. Specimens demonstrate examples of gunshot 
fractures, bone infections, amputations, excisions, and trephinations during the Civil War 
(Lamb, 1917). 
2.1. Specimen Sample: One hundred fifty postcranial specimens were initially 
analyzed from one hundred twenty eight individuals from the Civil War Collection at the 
NMHM. Each bone was analyzed as an independent specimen with no regard to which 
individual it originated from. These specimens were selected from a group consisting of 
individuals who were in the military during the Civil War, and one musician. The criteria 
for a specimen selection included: only postcranial long bones and presence of fracture 
or amputation to allow for the assessment of trauma. Detailed information about the 
injury and surgery for each specimen was referenced in the MSHWR and typically 
included a description of the injury, date of injury, date admitted to a general hospital, 
date of amputation or surgery (if applicable), date of death, cause of death, age, military 
affiliation, and name. Nearly all specimens (99.6%) were derived from adult bones: 105 
were between the ages of 18 and 60, while 4 individuals were between the ages of 14 
and 15. 
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The date of injury, date of surgery, and date of death were pertinent to the 
assessment of survival time of bone after trauma; therefore, 31 specimens were omitted 
due to insufficient information regarding timing of injury or surgery (Table 2). In addition, 
10 specimens were omitted due to types of surgery extraneous to this study, such as 
excision and disarticulation (Table 2). As a result, 109 specimens from 85 individuals 
remained eligible for this study sample (Table 2). 
Table 2. Sample taken from Civil War Collection. 
# of stumps (proximal amputations) 23 
# of portions removed by amputation (distal amputation) 33 
Subtotal 56 
# of fractured specimens (no amputation) 53 
Injuries subtotal 109 
unknown information 31 
excised/disarticulated 10 
Omitted subtotal 41 
Total 150 
The sample used for the present study included the following long bones: 
clavicle, humerus, ulna, radius, femur, tibia, and fibula. Among the 109 specimens 
analyzed, 43 were femora (39.5%), 24 humeri (22.0%), 17 tibiae (15.6%), 9 ulnae 
(8.3%), 7 radii (6.4%), 6 fibulae (5.5%), and 3 clavicles (2.8%) (Table 3). 
Table 3. Specimens by 
bone ty_pe. 
Bone N % 
Femur 43 39.5% 
Humerus 24 22.0% 
Tibia 17 15.6% 
Ulna 9 8.3% 
Radius 7 6.4% 
Fibula 6 5.5% 
Clavicle 3 2.8% 
Total 109 
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The survival time of an individual after injury is determined by calculating the 
number of days from injury to death; however, in this sample, the date of injury, date of 
amputation, and date of death were utilized to determine the number of days from injury 
to death, number of days from injury to amputation, or number of days from amputation 
to death. The survival time of a specimen that consisted of the stump, that is the portion 
of bone proximal to an amputation, was calculated using the date of amputation to the 
date of death (Figure 2). The survival time of a specimen that was removed from the 
body after amputation (distal amputation) was calculated using the date of injury to the 
date of amputation (Figure 2) and the survival time of a specimen that was fractured (no 
surgery) was calculated using the date of injury and date of death (Figure 2). In order to 
keep a consistent use of terminology that describes the survival time of the several 
different mechanisms of trauma observed in this study, the term "post trauma" is used to 
describe the survival time of a group of specimens that suffered more than one 
mechanism of trauma (injury or amputation). 
109 Specimens from 
the Civil VVar 
Collection (NMHM) 
J .. 
I I I 
Proximal Amputation Distal Amputation Fractured 
(Stump} (Removed) 
L Date of Surgery to L Date of Injury to l Date of 1r6ury to Date of Death Date of Surgery Date of . eath 
Figure 2. The sample distribution of Civil War specimens separated into 3 groups: 
stump, removed, and fractured, along with the calculation of survival time for each 
group. 
23 
The survival time utilized for this study sample ranges from 1 to 13+ weeks after 
trauma. The 16 specimens observed after 13 weeks post trauma, specifically between 
103 and 365 days post trauma, were all categorized as 13+ weeks post trauma. All of 
the specimens observed after 103 days were distinguished as 13+ weeks post trauma in 
order to capture an efficient quantitative representation of the data. 
2.2. Data Collection: The specimens were analyzed at the NMHM by macroscopic 
assessment using no additional lighting or equipment; the bones were analyzed by 
visual assessment only. Data were recorded in an Excel spreadsheet and included: the 
type and side of each bone, the observed type of fracture, the type of surgery (if 
applicable), and an overall description of each bone. Each specimen was initially 
examined for the following responses: line of demarcation, osteoclastic activity, 
osteoblastic activity, and sequestration, after the method of Barbian and Sledzik (2008). 
Their method was modified and enhanced to account for variation observed in each of 
the responses. 
2.2.1. Barbian and Sledzik's (2008) Method: The responses to injury in bone and 
amputation that were analyzed i_n the current study (line of demarcation, osteoclastic 
activity, osteoblastic activity, and sequestration) were described in a study performed by 
Barbian and Sledzik (2008) that was geared towards interpreting healing following 
cranial trauma of Civil War specimens at NMHM. Each cranial specimen was examined 
and independently scored for the presence or absence of each response. The line of 
demarcation was defined by the authors as "an etched line running adjacent to the 
fracture margin, appearing as a shallow depression or canal with sharp margins" 
(Barbian and Sledzik, 2008; p. 246). Osteoclastic response was characterized by 
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"areas of pitting affecting the existing cortical bone and occasionally exposing the diploe" 
(Barbian and Sledzik, 2008; p. 264). Osteoblastic response was represented by "the 
deposition of new subperiosteal bone typically seen in periosteal reaction" (Barbian and 
Sledzik, 2008; p. 264). Sequestration was observed "when a segment of bone was 
necrosed or necrosing, often determined by difference in color to the surrounding bone" 
(Barbian and Sledzik, 2008; p. 264). These terms and method for characterization of 
cranial bones were modified in the current study to interpret postcranial trauma more 
accurately. 
Following Barbian and Sledzik's (2008) method, each response was deemed 1 if 
the response was present and O if the response was absent. The number of responses 
for each specimen was summed and recorded, and then compared to the length of time 
the specimen survived after injury or amputation. The summation of responses per 
specimen was used to determine a total score, which totaled either 0, 1, 2, 3, or 4. The 
total score was used to determine if a low score of responses corresponded to early 
phases of healing and a high score of responses correlated to later phases of healing. 
However, the evaluation of bone responses to trauma was noted to be more complex 
than the presence or absence of responses over time; therefore, stages of each 
response were generated to modify the Barbian and Sledzik (2008) method (Tables 4.1-
4.4). 
2.2.2. Stages of Bone Responses: Throughout this study, the four responses of bone 
used in Barbian and Sledzik's (2008) method exhibited various stages of expression. In 
order to provide more accurate descriptions of the various appearances of the bone 
responses, characteristics of responses were categorized into stages. These stages 
were used to provide consistency in visual assessment throughout this study. 
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Descriptions of these stages are utilized to simplify replicating this qualitative technique 
with the goal of achieving low inter-observer and intra-observer error rates. 
2.2.2.1. Line of Demarcation: The line of demarcation is divided into 5 stages (Table 
4.1 ). Line of demarcation was deemed stage O when the specimen exhibited sharp 
edges along the fracture margin with no evidence of healing (Table 4.1 ). A specimen 
was labeled stage 1 if it exhibited evidence of rounding of the fracture margin (Figure 3). 
Figure 3. Specimen #3312 displaying stage 1 line of demarcation 4 days post injury. 
The arrows are pointing to the rounded fracture margins. 
A specimen was determined to be a stage 2 if it exhibited depression of the 
border of the injury away from the margin of the fracture (Figure 4). As observed in 
Figure 4, stage 2 line of demarcation is characterized by a ring of smoothed bone at the 
fracture margin edge within one to two centimeters from the margin. At this stage, there 
is no deep canal and minimal macroscopic osteoblastic and osteoclastic activity is 
observed, if any. 
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Figure 4. Stage 2 line of demarcation is characterized by a slight depression away from 
the fracture line (Specimen# 3375, 22 days post injury). 
Stage 3 is characterized by a clear depression or deep canal approximately 1 to 
2 centimeters from the fracture margin; which reflects Barbian and Sledzik's (2008) 
description of a line of demarcation (Figure 5). This distinct line of demarcation most 
likely represents "the boundary between the living bone and bone that will not survive 
the fracture due to a disruption in its blood supply" (Barbian and Sledzik, 2008; 266). 
Osteoclastic activity is observed along the line of demarcation as dead bone tissue is 
resorbed and osteoblasts build new bone (Figure 5). Amputated specimens, such as 
Figure 5, displayed a smooth ring around the stump with a definitive outline. 
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Figure 5. Stage 3 line of demarcation characterized by a clear depression or deep canal 
approximately 1 to 2 centimeters from the fracture margin (Specimen # 2011, 28 days 
post injury). 
Following stage 3, the line of demarcation may become covered with a callus or 
distorted to the degree in which the fracture line is no longer distinguishable due to 
extensive necrosis. However, it is necessary to consider a stage 4 line of demarcation in 
the event that there may be remnants of a line of demarcation observed simultaneously 
with other features of bone healing in other samples that present less extensive callus 
formation or necrosis at the fracture margin, which is frequently observed in the current 
sample. 
Table 4.1. Stages of line of demarcation. 
0 No signs of any activity (fresh fracture) 
1 Rounding of fracture margin 
2 Depression of border away from margin 
3 Deeper canal 1-2 centimeters from margin; can appear as smooth ring around 
end of stump, or distinct outline at fracture margin 
4 Any later stage of line of demarcation will become obliterated, covered by callus, 
or necrosed 
2.2.2.2. Osteoclastic Activity: Osteoclastic activity is divided into 5 stages (Table 4.2) 
Osteoclastic response was deemed stage O when no osteoclastic activity is observed 
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macroscopically in a specimen. Stage 1 is exhibited by slight pitting or resorption near 
the fracture margin (Figure 6). 
,ut\\l 
Figure 6. Stage 1 osteoclastic activity exhibited by resorption near the fracture margin 
(Specimen# 2463, 8 days post injury). 
Stage 2 is characterized by pitting along the external surface of the cortical bone, 
termed superficial necrosis throughout the current study. In the current study, the pitting 
on the surface of bone where the periosteum attaches differs in appearance from 
osteoclastic activity near the fracture margin, in that superficial necrosis spans over a 
larger area of bone (Figure 7). 
Figure 7. Stage 2 osteoclastic activity characterized by slight superficial necrosis and 
pitting of the cortical surface (Specimen #2729, 40 days post injury). 
Stage 3 displays extensive superficial necrosis, where the periosteum appears to 
have peeled off of the bone, and the condition of bone is becoming weak and 
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demineralized (Figure 8). This necrotic periosteal activity suggests periosteal 
pathologies or infection based on necrosis of the external layer of bone where the 
periosteum was attached during life (Lovell, 1997). 
Figure 8. Stage 3 osteoclastic activity exhibited by extensive superficial necrosis over a 
significant amount of cortical bone (Specimen# 3569, 7 days post amputation). 
Stage 4 represents lightweight bone that has become necrosed beyond the 
superficial layer. During stage 4, the bone exhibits an extensive amount of osteoclastic 
activity to the degree in which the bone loses its overall healthy condition (Figure 9). 
Figure 9. Specimen# 2965, observed at 365 days post injury, depicts an exaggerated 
example of stage 4 osteoclastic activity. Cortical bone is light, porous and appears to 
have lacked sufficient blood supply and nutrients. 
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No signs of osteoclastic activity 
Any resorption 
Pitting of cortical bone (may expose diploe); superficial necrosis 
Extensive superficial necrosis over substantial amount of bone 
Lightweight and porous bone; overall unhealthy condition 
2.2.2.3. Osteoblastic Activity: Osteoblastic activity is divided into 5 stages (Table 
4.3). Osteoblastic response was deemed stage O when no macroscopic signs of 
osteoblastic activity were observed on the specimen. A specimen in stage 1 exhibited a 
bumpy and wavy external surface near the site of injury (Figure 10). 
Figure 10. Specimen # 187 4, categorized as stage 1, exhibited osteoblastic activity at 
the fracture margin 10 days post injury. 
Stage 2 is characterized by osseous deposits on the external surface, which 
consists of an accumulation of osseous deposits (bone spicules, or minute outgrowths) 
stacked several layers at the site of injury (Figure 11 ). The presence of osseous 
deposits around the site of injury indicates the initiation of callus formation as the primary 
bony callus (consisting of woven bone) begins to build up (Maat, 2008). 
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Figure 11. Specimen# 4202, categorized as stage 2, exhibited osseous deposits along 
the fracture margin at 64 days post injury. 
Stage 3 is represented by callus formation, and stage 4 is represented by a 
remodeled callus. Specimens that were deemed stage 3 have either a substantial 
amount of callus formation on the external surface, or a callus that has united bone 
fragments (Figure 12). 
• Figure 12. Stage 3 osteoblastic activity is characterized by callus formation and partial 
union, which in this specimen includes bone fragments (Specimen# 2177, 137 days 
post injury). 
Specimens deemed stage 4 exhibited a complete union of external callus, which 
unites fractured portions of bone, and initiates the remodeling of the bone to its original 
form (Figure 13). A specimen that displayed remodeling or obliteration of fracture line 
may also be categorized as stage 4, as well as any that display complete union of callus 
with continuing osteoclastic and osteoblastic activity (Figure 13). 
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Figure 13. Specimen # 3932, deemed stage 4, displayed the only healed fracture in the 
sample 103 days post injury. 






No signs of osteoblastic activity 
Bumpy and wavy surface 
Osseous deposits 
Callus present 
Hard (secondary) callus; closed 
2.2.2.4. Sequestration: Sequestration is divided into 5 stages (Table 4.4). A specimen 
was deemed stage O sequestration when there is no necrosed bone tissue present. At 
stage 1, specimens were characterized by superficial necrosis with no smooth surface 
over the entire bone (Figure 14). The difference between stage 1 sequestration and 
stage 3 osteoclastic activity is that the latter is characterized by a substantial amount of 
superficial necrosis, which may be observed in portions of bone along with some smooth 
bone surface, while the former is characterized by no smooth bone surface. Figure 14 
depicts an example of a callus that became necrosed over a substantial number of days 
post injury (287), and in addition displayed non-union of the callus suggesting a 
disruption in the healing process contributed to the poor condition of bone at the time of 
death. 
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Figure 14. Specimen# 2069, characterized by stage 1, exhibited necrosis of the distal 
humeral shaft as well as necrosis of the incomplete callus 287 days post injury. 
A specimen in stage 2 was characterized by light, porous, and flaky texture of 
bone, and in addition, cancellous bone may have been exposed at articular areas. 
Stage 2 indicated bone necrosis based on the appearance of demineralization and a 
significantly greater amount of osteoclastic activity than osteoblastic activity (Figure 15). 
Also, cancellous bone exposed at articular areas was categorized as stage 2 
sequestration despite the mineralized nature of the bone's shaft. In other words, to be 
categorized as stage 2 sequestration, complete necrosis of the entire bone did not need 
to be present. This stage is similar in appearance to stage 4 osteoclastic activity; 
however, stage 4 osteoclastic activity is characterized by the overall condition of bone, 
while stage 2 sequestration was characterized by necrosis of any portion of the bone. 
Both stages are characterized by necrosis beyond the external superficial layer. 
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Figure 15. Specimen# 2068 was characterized as stage 2 sequestration, as necrosis of 
the articular ends and superficial necrosis were both observed in this specimen 20 days 
after injury. 
Stage 3 was represented by the formation of sequestrum and/or involucrum. 
This stage has been established to include specimens that have retained some portion 
of living bone (Figure 16) and differentiate from stage 4, which is characterized by full 
sequestrum and/or involucrum, which lacks the presence of living bone (Figure 17). In 
specimens deemed stage 3 sequestration, portions of long bone shafts were 
encapsulated by the involucrum shell and detached from the infected bone (Figure 16). 
Figure 16. Specimen # 367 4 (ulna) exhibited the formation of sequestrum and 
involucrum at 79 days, and thus was categorized as stage 3. 
Lastly, a specimen in stage 4 was characterized as full sequestrum/involucrum 
completely separate from any living bone (Figure 17). 
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Figure 17. Specimen# 1915, categorized as stage 4 sequestration, existed as a 
complete involucrum separate from any living bone tissue 157 days post injury. 
Table 4.4. Stages of sequestration. 
0 No necrosis 
1 Substantial superficial necrosis; no smooth bone surface 
2 Light, porous, flaky bone; cancellous bone exposure at articular areas (head of 
humerus for example) • 
3 Formation of sequestrum and/or involucrum 
4 Full sequestrum and/or involucrum 
2.3. Analyzing Responses as a Function of Time: Subsequent to specimen analysis 
and stage designation, the stages were analyzed as a function of time. A range of time 
was established for each stage, from the first week the stage was observed to the last 
week the stage was observed. In addition, the frequency of responses in each stage 
was analyzed to identify the most frequent and least frequent number of responses per 
week. 
3. Results 
3.1.1. All Specimens: Presence of Individual Bone Responses: The study sample 
consisting of 109 Civil War specimens was analyzed to determine the presence and 
stage of a line of demarcation, osteoclastic activity, osteoblastic activity, and 
sequestration between 1 and 13+ weeks post trauma. Approximately 45% of the 
responses observed in the first week post trauma were characterized as a line of 
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demarcation, the most frequently observed response, and sequestration was 
distinguished as the least frequently observed response (9%) 1 week post trauma. 
During the second week post trauma, all of the responses were consistently present in 
the sample. The rate of responses observed in specimens decreases 9 weeks post 
trauma; however, none of the responses cease to exist in specimens after 9 weeks post 
trauma. Osteoclastic activity, osteoblastic activity, and sequestration were observed in 
specimens 13+ weeks post trauma; however, line of demarcation was not observed after 
12 weeks post trauma. A significant number of specimens (N=38, 34.9%) displayed 
osteoclastic activity, osteoblastic activity, and sequestration 13+ weeks post trauma. 
Overall, the highest number of specimens exhibiting a bone response to trauma were 
observed 3, 4, and 13+ weeks post trauma. Table 5 displays the number of each 
response observed per week. 
A line of demarcation was exhibited in 24 specimens between 1 and 12 weeks 
post trauma, with the highest number of specimens displaying a line of demarcation 
observed between 1 and 4 weeks post trauma (N=17, 71%). Osteoclastic activity was 
observed in 75 specimens between 1 and 13+ weeks post trauma, with the most activity 
observed between 3 and 8 weeks post trauma (Table 5). Osteoblastic activity was 
observed in 49 specimens between 1 and 13+ weeks post trauma, most frequently 
observed in specimens 3 weeks post trauma, and least frequently observed between 9 
and 12 weeks post trauma. Sequestration was observed in specimens between 1 and 
13+ weeks post trauma, most frequently observed in specimens 3 and 4 weeks post 
trauma, and least frequently in specimens at 1 and 1 O weeks post trauma. 
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Table 5. Distribution of the type of bone responses observed as a function of time 
(weeks e_ost traumal, 
Line of Osteoclastic Osteoblastic 
Demarcation Activity Activity Sequestration Total 
Week 
1 5 3 2 1 11 
2 4 4 3 3 14 
3 3 12 7 7 29 
4 5 9 3 9 26 
5 1 4 4 2 11 
6 1 5 3 4 13 
7 0 6 3 4 13 
8 2 6 5 3 16 
9 1 3 2 2 8 
10 0 2 2 1 5 
11 .o 3 0 3 6 
12 2 3 2 2 9 
13+ 0 15 13 10 38 
Total 24 75 49 51 199 
3.1.2. All Specimens: Total Score of All Bone Responses: Following the method of 
Barbian and Sledzik (2008), the score of the responses to injury in bone was calculated 
for each specimen. Each response was scored 1 when observed and added to the 
number of other present responses, giving a total score of responses for each specimen. 
Seventeen specimens yielded a score of 0 between 1 and 5 weeks post trauma, with the 
most frequent number of specimens observed 1 week post injury (N=12) (Table 6). 
Eighteen specimens yielded a total score of 1, including 13 specimens observed 
between 1 and 5 weeks post trauma, 2 specimens observed at 7 and 8 weeks post 
trauma, and 3 specimens observed at 12 and 13+ weeks post trauma (Table 6). 
Forty-eight specimens yielded a total score of 2 and were observed between 1 
and 13+ weeks post trauma. A total score of 2 was the most frequently observed score 
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of possible responses in this sample (Table 6). Weeks 3 and 5 post trauma produced 
the most frequent number of specimens with a total score of 2 (N=20) (Table 6). Of the 
20 specimens with a total score of 2 between 3 and 5 weeks post injury, 10 specimens 
exhibited a combination of osteoclastic activity and sequestration, 7 specimens exhibited 
a combination of osteoclastic activity and osteoblastic activity, 2 specimens exhibited a 
combination of a line of demarcation and osteoclastic activity, and 1 specimen exhibited 
a combination of a line of demarcation and sequestration. 
Twenty specimens yielding a total score of 3 were observed between 1 and 13+ 
weeks post trauma with the highest number of specimens observed at 4, 6, and 13+ 
weeks post trauma (Table 6). There were no specimens with a score of 3 observed at 3, 
5, 8, and 11 weeks post trauma (Table 6). Of the 8 specimens with a total score of 3 
between 4 and 7 weeks post trauma, 5 specimens exhibited a combination of 
osteoclastic activity, osteoblastic activity, and sequestration, 2 specimens displayed a 
combination of line of demarcation, osteoclastic activity and osteoblastic activity, and 1 
specimen displayed a combination of a line of demarcation, osteoblastic activity, and 
sequestration. Finally, 6 specimens yielded a total score of 4 and were observed 
between 2 and 9 weeks post trauma, indicating 5.5% o_f the sample exhibited all four 
responses simultaneously (Table 6). 
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Table 6. Distribution of bone response total score per specimen by 
week post trauma after the method of Barbian and Sledzik (2008). 
Number of specimens with 0, 1, 2, 3, or 4 responses 
Score O 1 2 3 4 Total 
Week 
1 12 6 1 1 0 20 
2 1 3 2 1 1 8 
3 1 1 10 0 2 14 
4 2 2 7 3 0 14 
5 1 1 3 0 1 6 
6 0 0 2 3 0 5 
7 0 1 3 2 0 6 
8 0 1 4 1 1 7 
9 0 0 2 0 1 3 
10 0 0 1 1 0 2 
11 0 0 3 0 0 3 
12 0 2 2 1 0 5 
13+ 0 1 8 7 0 16 
Total 17 18 48 20 6 109 
3.1.3. All Specimens: Stages of Bone Responses: 
3.1.3.1. Line of Demarcation: Eighty-five specimens did not display a line of 
demarcation in this sample; however, 24 specimens exhibiting a line of demarcation 
were categorized as stages 1 through 3, and there were no specimens that exhibited a 
line of demarcation deemed stage 4 (Table 7). • Stage 1 responses were observed in 
specimens between 1 and 12 weeks post trauma, stage 2 responses were observed in 
specimens at 4 and 9 weeks post trauma, and responses categorized as stage 3 were 
observed in specimens at 1 and 4 weeks post trauma (Tables 7-8). 
3.1.3.2. Osteoclastic Activity: Thirty-four specimens did not exhibit osteoclastic 
activity in this sample; however, 33 responses were categorized as stage 1 osteoclastic 
activity, 23 responses as stage 2 osteoclastic activity, 11 responses as stage 3 
osteoclastic activity, and 8 as stage 4 osteoclastic activity (Table 7). Stage 1 responses 
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were observed in specimens between 2 and 13+ weeks post trauma, with a high 
frequency of responses observed in specimens at 3 and 4 weeks post trauma (Tables 7-
8). Stage 2 responses were observed in specimens between 1 and 12 weeks post 
trauma, stage 3 responses were observed in specimens between 1 and 13+ weeks post 
trauma, and responses deemed stage 4 were observed in specimens between 8 and 
13+ weeks post trauma (Tables 7-8). 
3.1.3.3. Osteoblastic Activity: Sixty specimens did not exhibit osteoblastic activity in 
this sample; however, 18 responses were deemed stage 1 osteoblastic activity, 16 
responses were deemed stage 2 osteoblastic activity, 14 responses were deemed stage 
3 osteoblastic activity, and one response was deemed stage 4 osteoblastic activity 
(Table 7). Stage 1 responses were observed in specimens between 1 and 13+ weeks 
post trauma, stage 2 responses were observed in specimens between 2 and 13+ weeks 
post trauma, stage 3 response were observed in specimens between 3 and 13+ weeks 
post trauma, and the one response categorized as stage 4 was observed 13+ weeks 
post trauma (Table 7-8). 
3.1.3.4. Sequestration: Fifty-eight specimens did not display sequestration in this 
sample; however, 18 specimens were_ deemed stage 1 sequestration, 23 responses 
were deemed stage 2 sequestration, 4 responses were deemed stage 3 sequestration, 
and 6 responses were deemed stage 4 sequestration (Table 7). Stage 1 responses 
were observed in specimens between 1 and 13+ weeks post trauma, stage 2 responses 
were observed in specimens between 2 and 13+ weeks post trauma, stage 3 responses 
were observed between 7 and 12 weeks post trauma, and stage 4 responses were 
observed in specimens between 4 and 13+ weeks post trauma (Tables 7-8). 
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Table 7. Distribution of the type and stage of bone responses per specimen as a 

































Demarcation Osteoclastic Activity Osteoblastic Activity Sequestration 
1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 
4 0 1 0 17 0 2 1 0 18 2 0 0 0 19 1 
4 0 0 0 4 2 1 1 0 5 2 1 0 0 5 2 
3 0 0 0 2 8 4 0 0 7 4 2 1 0 7 0 
1 1 3 0 5 5 2 2 0 11 2 0 1 0 5 4 
1 0 0 0 2 1 2 1 0 2 0 3 1 0 4 2 
1 0 0 0 0 2 2 1 0 2 2 1 0 0 1 0 
0 0 0 0 0 2 2 2 0 3 2 1 0 0 2 2 
2 0 0 0 1 3 2 0 1 2 2 1 2 0 4 1 
0 1 0 0 0 1 1 1 0 1 0 2 0 0 1 2 
0 0 0 0 0 1 1 0 0 0 0 1 1 0 1 1 
0 0 0 0 0 0 0 0 3 3 0 0 0 0 0 0 
2 0 0 0 2 2 0 0 1 3 0 0 2 0 3 0 
0 0 0 0 1 6 4 2 3 3 2 4 6 1 6 3 
18 2 4 0 34 33 23 11 8 60 18 16 14 1 58 18 
Table 8. Ranges of time for each bone response stage exhibited in 
the Civil War specimen sample (weeks post trauma). 
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3.2.1. Stump Specimens: Presence of Individual Bone Responses: The subgroup 
of proximal specimens (stumps), consisting of 23 specimens, was analyzed to determine 
the presence of line of demarcation, osteoclastic activity, osteoblastic activity, and 
sequestration between 1 and 13+ weeks post amputation. Table 9 displays the number 
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of each response observed per week in stump specimens that have undergone 
amputation. 
Four stump specimens, characterized by line of demarcation, were observed 
between 1 and 4 weeks post amputation (Table 9). Osteoclastic activity was observed 
in 18 stump specimens between 1 and 13+ weeks post amputation, with the highest 
frequency of stump specimens displaying osteoclastic activity observed between 3 and 5 
weeks post amputation (Table 9). Osteoblastic activity was observed in 7 specimens 
between 3 and 5 weeks post amputation, and at 13+ weeks post amputation (Table 9). 
Sequestration was observed in 12 stump specimens between 3 and 13+ weeks post 
amputation (Table 9). Overall, the highest frequency of stump specimens exhibiting line 
of demarcation was observed between 1 and 4 weeks post amputation, and osteoclastic 
activity, osteoblastic activity, and sequestration were most frequently observed between 
3 and 5 weeks post amputation (Table 9). Osteoblastic activity and sequestration were 
not observed in stump specimens within the first 2 weeks post amputation, and no 
responses were observed in stump specimens at 6, 7, 10 and 12 weeks post amputation 
(Table 9). Osteoclastic activity and sequestration were the only responses observed in 
stump specimens between 6 and 12 weeks post amputation (Table 9). 
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Table 9. Distribution of the type of bone response observed in stump specimens as a 

















































Activity Sequestration Total 
0 0 4 
0 0 1 
1 2 6 
1 1 5 
1 1 4 
0 0 0 
0 0 0 
0 1 2 
0 1 2 
0 0 0 
0 1 2 
0 0 0 
4 5 15 
7 12 41 
3.2.2. Stump Specimens: Total Score of All Bone Responses: Following the 
method of Barbian and Sledzik (2008), the score of the responses to amputation in the 
bone was calculated for each stump specimen. Three stump specimens yielding a total 
score of O were observed during the first week post amputation, and stump specimens 
yielding a total score of 1 were observed at 1 and 2 weeks post amputation (Table 10). 
Thirteen stump specimens with a total score of 2 were observed between 1 and 13+ 
weeks post amputation with the most frequent number of specimens with a total score of 
2 observed between 3 and 5 weeks post amputation (Table 10). Of the 13 stump 
specimens with a total score of 2, 8 exhibited a combination of osteoclastic activity and 
sequestration, 4 exhibited a combination of osteoclastic and osteoblastic activity, and 1 
exhibited a combination of a line of demarcation and osteoclastic activity. One of the 
stump specimens that yielded a total score of 3 was observed 4 weeks post amputation, 
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and 3 stump specimens with a total score of 3 were observed 13+ weeks post 
amputation (Table 10). The stump specimen with a total score of 3 observed 4 weeks 
post amputation was characterized by a combination of a line of demarcation, 
osteoclastic activity, and sequestration, and the 3 specimens with a total score of 3 were 
observed 13+ weeks post amputation were characterized by a combination of 
osteoclastic activity, osteoblastic activity, and sequestration. There were no stump 
specimens with a total score of 4 in this sample (Table 10). 
Table 10. Distribution of bone response total score per stump specimen by 
week post amputation, after the method of Barbian and Sledzik (2008). 
Number of specimens with 0, 1, 2, 3, or 4 responses 
Score 0 1 2 3 4 Total 
Week 
1 3 2 1 0 0 6 
2 0 1 0 0 0 1 
3 0 0 3 0 0 3 
4 0 0 1 1 0 2 
5 0 0 2 0 0 2 
6 0 0 0 0 0 0 
7 0 0 0 0 0 0 
8 0 0 1 0 0 1 
9 0 0 1 0 0 1 
10 0 0 0 0 0 0 
11 0 0 1 0 0 1 
12 0 0 0 0 0 0 
13+ 0 0 3 3 0 6 
Total 3 3 13 4 0 23 
3.2.3. Stump Specimens: Stages of Bone Responses 
3.2.3.1. Line of Demarcation: Nineteen stump specimens were not represented by a 
line of demarcation; however, 3 responses observed in stump specimens were deemed 
stage 1 and 1 response observed in a stump specimen was deemed stage 2 (Table 11 ). 
The stage 1 responses were observed in stump specimens 1 and 2 weeks post 
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amputation, and the stage 2 response was observed 4 weeks post amputation (Tables 
11-12). There were no responses deemed stage 3 or stage 4 in this stump specimen 
sample (Table 11 ). 
3.2.3.2. Osteoclastic Activity: Six stump specimens did not exhibit osteoclastic 
activity; however, 5 responses were deemed stage 1, 6 responses were deemed stage 
2, 3 responses were deemed stage 3, and 3 responses were deemed stage 4 (Table 
11 ). Stage 1 responses were observed in stump specimens between 3 and 13+ weeks 
post amputation, stage 2 responses were observed in stump specimens between 3 and 
8 weeks post amputation, stage 3 responses were observed in specimens between 5 
and 13+ weeks post amputation, and stage 4 responses were observed in stump 
specimens at 11 and 13+ weeks post amputation (Tables 11-12). 
3.2.3.3. Osteoblastic Activity: Sixteen stump specimens did not exhibit osteoblastic 
activity; however, 2 responses were categorized as stage 1, 3 responses were 
categorized as stage 2, and 2 responses were categorized as stage 3 (Table 11 ). Stage 
1 responses were observed in stump specimens 13+ weeks post amputation, stage 2 
responses were observed in stump specimens at 3 and 13+ weeks post amputation, and 
stage 3 responses were observed in stump specimens at 4 and 5 weeks post 
amputation (Tables 11-12). There were no responses deemed stage 4 for osteoblastic 
response in stump specimens in this sample (Tables 11-12). 
3.2.3.4. Sequestration: Eleven stump specimens were not represented by 
sequestration; however, 4 responses were categorized as stage 1, 7 responses were 
categorized as stage 2, and 1 response was categorized as stage 4 (Table 11 ). Stage 1 
responses were observed in stump specimens between 4 and 9 weeks post amputation, 
stage 2 responses were observed in stump specimens at 3 and 13+ weeks post 
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amputation, and the response in a stump specimen characterized by stage 4 was 
observed at 11 weeks post amputation (Table 11-12). None of the responses in stump 
specimens were categorized as stage 3 sequestration in this sample (Table 11 ). 
Table 11. Distribution of the type and stage of bone responses per stump 
specimen as a function of time (weeks post amputation). 
Line of Osteoclastic Osteoblastic 

















0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 
4 2 0 0 0 4 0 2 0 0 6 0 0 0 0 6 0 0 
0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 
3 0 0 0 0 1 1 1 0 0 2 0 1 0 0 1 0 2 
1 0 1 0 0 0 1 1 0 0 1 0 0 1 0 1 1 0 
2 0 0 0 0 0 0 1 1 0 1 0 0 1 0 1 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 
1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 3 0 1 2 2 2 2 0 0 1 0 5 
19 3 1 0 0 6 5 6 3 3 16 2 3 2 0 11 4 7 
Table 12. Ranges of time for each bone response stage exhibited in 


















































3.3.1. Removed Specimens: Presence of Individual Bone Responses: The 33 
specimens from the distal amputation subgroup, deemed the term "removed" 
specimens, were analyzed to determine the presence of a line of demarcation, 
osteoclastic activity, osteoblastic activity and sequestration between 1 and 13+ weeks 
post injury. Table 13 displays the number of each response per week observed in 
removed specimens. 
Six removed specimens, characterized by a line of demarcation, were observed 
between 1 and 3 weeks post injury (Table 13). Seventeen removed specimens 
exhibited osteoclastic activity, which were observed between 1 and 13+ weeks post 
injury, with the highest number of removed specimens exhibiting osteoclastic activity 3 
weeks post injury (Table 13). Osteoblastic activity was observed in 11 removed 
specimens between 1 and 13+ weeks post injury with the highest frequency of removed 
specimens exhibiting osteoblastic activity 3 weeks post injury (Table 13). Removed 
specimens exhibiting sequestration were observed between 1 and 13+ weeks post injury 
with the highest frequency of removed specimens exhibiting sequestration 3 weeks post 
injury (Table 12). The four bone responses in removed specimens were frequently 
observed between 1 and 4, and at 11 and 13+ weeks post injury, with each response 
most frequently observed 3 weeks post injury (Table 13). Notably, there were no 
removed specimens exhibiting a line of demarcation after 3 weeks post injury (Table 13). 
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Table 13. Distribution of the type of bone response observed in removed specimens 

















































Activity Sequestration Total 
1 1 5 
0 1 3 
4 4 17 
0 2 3 
1 0 1 
0 0 0 
1 1 3 
0 0 0 
1 0 2 
0 0 0 
0 2 4 
0 2 4 
3 2 7 
11 15 49 
3.3.2. Removed Specimens: Total Score of All Bone Responses: Following the 
method of Barbian and Sledzik (2008), the score of the responses to injury in the bone 
was calculated for each removed specimen. Specimens that yielded a total score of 0 
were observed in 9 removed specimens, 8 in the first week post injury and 1 at 3 weeks 
post injury (Table 14). Six removed specimens with a total score of 1 were observed 
between 1 and 5 weeks post injury, and 1 removed specimen with a total score of 1 
observed 13+ weeks post injury (Table 14). Eleven removed specimens with a total 
score of 2 were observed between 1 and 4, and 12 weeks post injury with the highest 
frequency of removed specimens with a total score of 2 observed at 3 weeks post injury 
(Table 14). Of the removed specimens with a total score of 2, 8 were characterized by a 
combination of osteoclastic activity and sequestration between 3 and 12 weeks post 
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injury, 2 were characterized by a combination of osteoclastic and osteoblastic activity at 
3 and 9 weeks post injury, and 1 specimen was characterized by combination of a line of 
demarcation and osteoclastic activity 3 weeks post injury. Four removed specimens 
yielded a total score of 3 at 1, 7, and 13+ weeks post injury and 2 specimens yielded a 
total score of 4 at 3 weeks post injury (Table 14). All of the removed specimens with a 
total score of 3 exhibited a combination of osteoclastic activity, osteoblastic activity, and 
sequestration (at 1, 7 and 13+ weeks post injury). 
Table 14. Distribution of bone response total score per removed specimen by 
week post injury, after the method of Barbian and Sledzik (2008). 
Number of specimens with 0, 1, 2, 3, or 4 responses 
Score 0 1 2 3 4 Total 
Week 
1 8 2 0 1 0 11 
2 0 1 1 0 0 2 
3 1 1 4 0 2 8 
4 0 1 1 0 0 2 
5 0 1 0 0 0 1 
6 0 0 0 0 0 0 
7 0 0 0 1 0 1 
8 0 0 0 0 0 0 
9 0 0 1 0 0 1 
10 0 0 0 0 0 0 
11 0 0 2 0 0 2 
12 0 0 2 0 0 2 
13+ 0 1 0 2 0 3 
Total 9 7 11 4 2 33 
3.3.3. Removed Specimens: Stages of Bone Responses 
3.3.3.1. Line of Demarcation: Twenty-seven removed specimens did not display a line 
of demarcation; however, 6 responses were categorized as stage 1 (Table 15). The 
responses categorized as stage 1 were observed in removed specimens between 1 and 
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3 weeks post injury (Table 15). There were no removed specimens characterized by 
stage 2, 3, or 4 line of demarcation in this sample (Tables 15-16). 
3.3.3.2. Osteoclastic Activity: Sixteen removed specimens did not exhibit osteoclastic 
activity; however, 10 responses were deemed stage 1, 2 responses were deemed stage 
2, 2 responses were deemed stage 3, and 3 responses were deemed stage 4 (Table 
15). Stage 1 responses were observed in removed specimens between 2 and 13+ 
weeks post injury, stage 2 responses were observed in removed specimens at 3 and 
13+ weeks post injury, stage 3 responses were observed in removed specimens at 1 
and 7 weeks post injury, and stage 4 responses were observed in removed specimens 
at 11 and 12 weeks post injury (Tables 15-16). 
3.3.3.3. Osteoblastic Activity: Twenty- two removed specimens did not exhibit 
osteoblastic activity; however, 4 responses were categorized as stage 1, 4 responses 
were categorized as stage 2, and 3 responses were categorized as stage 3 (Table 15). 
There were no removed specimens characterized by stage 4 of osteoblastic activity 
(Table 15). Stage 1 responses were observed in removed specimens at 1 and 3 weeks 
post injury, stage 2 responses were observed in removed specimens between 3 and 13+ 
weeks post injury, and stage 3 responses were observed in removed specimens at 9 
and 13+ weeks post injury (Tables 15-16). 
3.3.3.4. Sequestration: Eighteen removed specimens did not exhibit sequestration; 
however, 3 responses were deemed stage 1, 6 responses were deemed stage 2, 2 
responses were deemed stage 3, and 4 responses were deemed stage 4 (Table 15). 
Stage 1 responses were observed in removed specimens at 1, 4, and 13+ weeks post 
injury, stage 2 responses were observed in removed specimens at 2, 3, and 13+ weeks 
post injury, stage 3 responses were observed in removed specimens at 7 and 12 weeks 
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post injury, and stage 4 responses were observed in removed specimens at 4, 11, and 
12 weeks post injury (Tables 15-16). 
Table 15. Distribution of the type and stage of bone responses per removed specimen 























0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 
9 2 0 0 0 10 0 0 1 0 10 1 0 0 0 10 1 
1 1 0 0 0 1 1 0 0 0 2 0 0 0 0 1 0 
5 3 0 0 0 2 5 1 0 0 4 3 1 0 0 4 0 
2 0 0 0 0 1 1 0 0 0 2 0 0 0 0 0 1 
1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 2 2 0 0 0 0 0 0 
2 0 0 0 0 0 1 0 0 1 2 0 0 0 0 0 0 
3 0 0 0 0 1 1 1 0 0 0 0 1 2 0 1 1 
27 6 0 0 0 16 10 2 2 3 22 4 4 3 0 18 3 
Table 16. Ranges of time for each bone response stage exhibited in 

















































3.4.1. Fractured Specimens: Presence of Individual Bone Responses: The 
subgroup of 53 fractured specimens were analyzed to determine the presence of a line 

















and 13+ weeks post injury. Table 17 displays the number of each response observed 
per week in all fractured specimens of this sample. 
Fourteen fractured specimens exhibited a line of demarcation between 1 and 12 
weeks post injury with the highest frequency of fractured specimens exhibiting a line of 
demarcation between 4 and 6 weeks post injury (Table 17). Forty fractured specimens 
characterized by osteoclastic activity were observed between 2 and 13+ weeks post 
injury, 31 fractured specimens that exhibited osteoblastic activity were observed 
between 1 and 13+ weeks post injury, and 24 fractured specimens characterized by 
sequestration were observed between 2 and 13+ weeks post injury (Table 17). Overall, 
osteoclastic activity, osteoblastic activity, and sequestration were most frequently 
observed in fractured specimens between 2 and 8 weeks post injury (Table 17). Of the 
two fractured specimens exhibiting a response in the first week post injury, one 
specimen is characterized by a line of demarcation and the other is characterized by 
osteoblastic activity (Table 17). A line of demarcation is not observed in any fractured 
specimens 13+ weeks post injury; however, osteoclastic activity, osteoblastic activity, 
and sequestration are observed in fractured specimens 13+ weeks post injury (Table 
17). 
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Table 17. Distribution of the type of bone response observed in fractured specimens 

















































Activity Sequestration Total 
1 0 2 
3 2 10 
2 1 6 
2 6 18 
2 1 6 
3 4 13 
2 3 10 
5 2 14 
1 1 4 
2 1 5 
0 0 0 
2 0 5 
6 3 16 
31 24 109 
3.4.2. Fractured Specimens: Total Score of All Bone Responses: Following the 
method of Barbian and Sledzik (2008), the score of the responses to injury in the bone 
was calculated for each fractured specimen. Four fractured specimens yielded a total 
score of 0 between 1 and 5 weeks post injury, 9 fractured specimens yielded a total 
score of 1 between 1 and 12 weeks post injury, 24 specimens yielded a total score of 2 
between 2 and 13+ weeks post injury, 12 specimens yielded a total score of 3 between 2 
and 13+ weeks post injury, and 4 specimens with a total score of 4 at 2, 5, 8 and 9 
weeks post injury (Table 18). In the first week post injury, 2 fractured specimens yielded 
a total score of 1 and no specimens yielded a total score of 2, 3, or 4 within the first 
week post injury (Table 18). Five specimens with a total score of 2 and 2 specimens 
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with a total score of 3 were observed at 13+ weeks post injury with no other specimens 
with a total score of 0, 1, or 4 at 13+ weeks post injury (Table 18). 
Of the 24 fractured specimens with a total score of 2, 12 exhibited a combination 
of osteoclastic activity and osteoblastic activity, 9 exhibited a combination of osteoclastic 
activity and sequestration, 2 exhibited a combination of a line of demarcation and 
osteoclastic activity, and 1 exhibited a combination of a line of demarcation and 
sequestration. The 12 fractured specimens exhibiting a combination of osteoclastic and 
osteoblastic activity were observed between 2 and 13+ weeks post injury. Eight 
specimens exhibiting a combination of osteoclastic activity and sequestration were 
observed between 3 and 7 weeks post injury, and 1 specimen 13+ weeks post injury. 
The fractured specimens exhibiting a combination of a line of demarcation and 
osteoclastic activity were observed at 4 and 8 weeks post injury, and the fractured 
specimen exhibiting a combination of a line of demarcation and sequestration was 
observed 4 weeks post injury. Of the fractured specimens with a score of 3, 9 
specimens exhibited a combination of osteoclastic activity, osteoblastic activity, and 
sequestration, and 3 specimens exhibited a combination of a line of demarcation, 
osteoclastic activity, and osteoblastic activity. The fractured specimens that exhibited a 
combination of osteoclastic activity, osteoblastic activity, and sequestration were 
observed at 4, 6, and 12 weeks post injury, and the fractured specimens that exhibited a 
combination of a line of demarcation, osteoclastic activity, and osteoblastic activity were 
observed between 2 and 13+ weeks post injury. 
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Table 18. Distribution of bone response total score per fractured specimen by 
week post injury, after the method of Barbian and Sledzik (2008). 
Number of specimens with 0, 1, 2, 3, or 4 responses 
Score 0 1 2 3 4 Total 
Week 
1 1 2 0 0 0 3 
2 1 1 1 1 1 5 
3 0 0 3 0 0 3 
4 1 2 5 2 0 10 
5 1 0 1 0 1 3 
6 0 0 2 3 0 5 
7 0 1 3 1 0 5 
8 0 1 3 1 1 6 
9 0 0 0 0 1 1 
10 0 0 1 1 0 2 
11 0 0 0 0 0 0 
12 0 2 0 1 0 3 
13+ 0 0 5 2 0 7 
Total 4 9 24 12 4 53 
3.4.3. Fractured Specimens: Stages of Bone Responses 
3.4.3.1. Line of Demarcation: Thirty-nine fractured specimens did not exhibit a line of 
demarcation; however, 9 responses were deemed stage 1, 2 responses were deemed 
stage 2, and 3 responses were deemed stage 3 (Table 19). Stage 1 responses were 
observed in fractured specimens between 2 and 12 weeks post injury, stage 2 
responses were observed in specimens at 4 and 9 weeks post injury, and stage 3 
responses were observed in specimens at 1 and 4 weeks post injury (Tables 19-20). 
There were no responses deemed stage 4 in this fractured specimen sample (Table 19). 
3.4.3.2. Osteoclastic Activity: Thirteen fractured specimens were not characterized 
by osteoclastic activity; however, 18 responses were categorized as stage 1, 14 
responses were categorized by stage 2, 6 responses were categorized as stage 3, and 2 
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responses were categorized by stage 4 (Table 19). Stage 1, stage 2, and stage 3 
responses were observed in fractured specimens between 2 and 13+ weeks post injury, 
and stage 4 responses were observed in fractured specimens at 8 and 13+ weeks post 
injury (Tables 19-20). 
3.4.3.3. Osteoblastic Activity: Twenty-two specimens did not display osteoblastic 
activity; however, 11 responses were deemed stage 1, 9 responses were deemed stage 
2, 10 responses were deemed stage 3, and 1 response was deemed stage 4 (Table 19). 
Stage 1 responses were observed in fractured specimens between 1 and 8 weeks post 
injury, stage 2 responses were observed in fractured specimens between 2 and 13+ 
weeks post injury, stage 3 responses were observed in fractured specimens at 2, 8, 10, 
12, and 13+ weeks post injury, and the stage 4 specimen was observe at 13+ weeks 
post injury (Tables 19-20). 
3.4.3.4. Sequestration: Twenty-nine specimens did not exhibit sequestration; 
however, 11 responses were categorized as stage 1, 10 responses were categorized as 
stage 2, 2 responses were categorized as stage 3, and 1 response was categorized as 
stage 4 (Table 19). Stage 1 responses were observed in fractured specimens between 
2 and 13+ weeks, stage 2 responses were observed_ in fractured specimens between 3 
and 7 weeks, stage 3 responses were observed in fractured specimens at 8 weeks post 
injury, and the stage 4 response was observed in a fractured specimen at 13+ weeks 
post injury (Tables 19-20). 
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Table 19. Distribution of the type and stage of bone responses per fractured specimen as 







Stage 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 
Week 



























2 0 0 0 2 1 1 1 0 2 2 1 0 0 3 2 
0 0 0 0 0 2 1 0 0 1 1 0 1 0 2 0 
1 1 2 0 4 3 1 2 0 8 2 0 0 0 4 2 
1 0 0 0 1 1 1 0 0 1 0 2 0 0 2 1 
1 0 0 0 0 2 2 1 0 2 2 1 0 0 1 0 
0 0 0 0 0 2 2 1 0 3 1 1 0 0 2 2 
2 0 0 0 1 3 1 0 1 1 2 1 2 0 4 0 
0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 
0 0 0 0 0 1 1 0 0 0 0 1 1 0 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 2 1 0 0 0 1 0 0 2 0 3 0 
0 0 0 0 0 2 3 1 1 1 0 1 4 1 4 2 
9 2 3 0 13 18 14 6 2 22 11 9 10 1 29 11 
Table 20. Ranges of time for each bone response stage exhibited in 
the Civil War fractured specimen sample (weeks post injury). 
Line of Osteoclastic Osteoblastic 
Stage Demarcation Activity Activity Sequestration 





2-12 2-13+ 1-8 


























The specimens of the NMHM Civil War collection were ideal for this study 
because the date of injury, date of surgery (if applicable), and date of death were known 
for each specimen, which enabled the assessment of time since injury (or amputation) to 















of bone responses to various mechanisms of trauma contributed to the data collection 
from which conclusions about evidence of healing were made. Bone responses to 
trauma were observed at particular points in time indicating certain responses or 
combinations of responses to trauma are typically attributed to those time frames. 
4.1. Line of Demarcation: A line of demarcation was observed in 22% of the specimen 
sample between 1 and 12 weeks post trauma. The frequency of this response peaked 
between 1 and 4 weeks post trauma, with stump specimens exhibiting a line of 
demarcation between 1 and 4 weeks post amputation and removed specimens 
exhibiting the response between 1 and 3 weeks post injury. Fractured specimens 
exhibited a line of demarcation at a low rate between 1 and 12 weeks post injury with a 
slight increase of specimens exhibiting the response at 4 weeks post injury. In 
comparing these groups, it is evident that the line of demarcation is a response generally 
observed in early weeks in the healing process, specifically from 1 to 4 weeks post 
trauma. In addition, it is important to note that none of the stump or removed specimens 
exhibited a line of demarcation beyond 4 weeks post trauma at any stage. 
Stage 1 line of demarcation was observed between 1 and 12 weeks post trauma 
throughout the entire sample, and _was specifically observed in stump specimens the first 
week post amputation, in removed specimens between 1 and 3 weeks post injury, and in 
fractured specimens between 2 and 12 weeks post injury. Twenty-five percent of 
fractured specimens exhibited stage 1 line of demarcation beyond 4 weeks post injury, 
indicating that the rounding of fracture margins was observed well into the healing 
process, although it is not typical. The most frequent stage of line of demarcation 
observed was stage 1, which was most frequently observed within the first 3 weeks post 
trauma. These conclusions concur with Maat's (2008) fourth phase of healing, which 
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indicates macroscopic evidence of healing is first observed as smoothing of fractured (or 
beveled) ends within the first week post injury. 
Stage 2 line of demarcation was observed in 2 fractured specimens at 4 and 9 
weeks post injury and in one stump specimen 4 weeks post amputation, with no 
removed specimens exhibiting stage 2 in this sample. This stage may be useful for 
distinguishing the differences in appearance of stage 1 from stage 3; however, stage 2 
was observed during the same time frame as stages 1 and 3 (between 1 and 4 weeks 
post injury). In the end, stage 2 line of demarcation was not observed in a sufficient 
number of specimens to make any conclusions in regard to a typical time frame that it 
was observed. 
Stage 3 line of demarcation was observed in a total of 3 fractured specimens at 1 
and 4 weeks post injury, and in no stump or removed specimens. This observation 
indicates that this feature can be observed in the early stages of fracture healing; 
however, stage 3 is not observed beyond 4 weeks post injury in this sample. 
Additionally, the time frame in which stage 3 was observed does not differ from stages 1 
and 2, and since there is a lack of a sufficient number of specimens available, significant 
conclusions about specific_ time frames related to stage 3 were not made. Lastly, stage 
4 line of demarcation was not observed in this sample. Conclusions regarding the time 
frames for the various stages of line of demarcation would be more reliable with a larger 
sample of specimens exhibiting the response. 
According to Maat's (2008) ninth phase of healing, a bridging callus is typically 
observed 3 or 4 weeks post injury. This indicates that the line of demarcation will 
typically be obscured by callus formation during the normal healing process at that time. 
Additionally, Barbian and Sledzik (2008) observed a line of demarcation in cranial 
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specimens between 1 and 5 weeks post trauma with a decrease after 5 weeks post 
trauma, while results of the present study indicate a decrease in postcranial specimens 
exhibiting a line of demarcation after 4 weeks post trauma. Thus, both samples revealed 
similarities in the trend of specimens exhibiting a line of demarcation. 
4.2. Osteoclastic Activity: Osteoclastic activity was observed in 69% of all specimens 
ranging from 1 to 13+ weeks post trauma, with peaks in the number of specimens 
exhibiting the response at 3, 4, and 13+ weeks post trauma. Overall, the current 
sample, as well as Barbian and Sledzik's (2008) sample, lacked a significant number of 
specimens exhibiting osteoclastic activity within the first 2 weeks post trauma. Barbian 
and Sledzik (2008) suggest that the first 2 weeks after trauma represent a latency period 
in which the responses are developing. Results from the current study support their 
latency period suggestion for all responses (osteoclastic activity, osteoblastic activity, 
and sequestration) analyzed except for a line of demarcation. 
Osteoclastic activity was observed in more than half of the specimens for each 
group including 75% percent of the stump specimens, 52% of removed specimens, and 
76% of the fractured specimens. The peak of activity in stump specimens was observed 
13+ weeks post trauma, in removed specimens 3 weeks post injury, and fractured 
specimens did not display a peak in activity; however, a significant number of specimens 
exhibiting the response were observed 2 though 8, and 13+ weeks post injury. Results 
from this study indicate that osteoclastic activity increased after 2 weeks, decreased 
after 4 weeks, and increased again at 13+ weeks post trauma. 
Stage 1 through stage 3 osteoclastic activity was observed in specimens 
between 1 and 13+ weeks post trauma. Specifically, stump specimens exhibited stage 1 
at 3, 4, and 13+ weeks post amputation, removed specimens between 2 and 13+ weeks 
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post injury (with a gap between 4 and 9 weeks post injury), and fractured specimens at a 
low rate between 2 and 13+ weeks post injury. These results indicate that any slight 
evidence of osteoclastic activity can be observed in all groups at all weeks. Barbian and 
Sledzik (2008) found osteoclastic activity to increase from 1 to 6 weeks post trauma and 
was observed in 100% of their sample after 6 weeks. That is not the case for this 
sample, as there is no trend in activity, nor does 100% of the sample exhibit osteoclastic 
activity at any point in time. 
There were no peaks in the number of specimens exhibiting stages 2, 3, and 4 
osteoclastic activity, rather the number of responses observed in specimens remained 
low throughout all weeks for these stages. Overall, stage 2 osteoclastic activity was 
observed in specimens between 1 and 13+ weeks post trauma with a significant number 
of specimens exhibiting the response after 13 weeks post trauma. Stump specimens did 
not exhibit stage 2 osteoclastic activity beyond 8 weeks, contrary to both the removed 
specimens, which exhibited stage 2 at 3 and 13+ weeks post injury, and the fractured 
specimens, which exhibited stage 2 between 2 and 13+ weeks post injury. 
Stage 3 osteoclastic activity was observed in 21 % of the specimen sample 
between. 1 and 13+ weeks post trauma. Specifically, stump specimens exhibited stage 3 
osteoclastic activity at 5, 9, and 13+ weeks post amputation, removed specimens at 1 
and 7 weeks post injury, and fractured specimens between 1 and 13+ weeks post injury. 
Notably, all specimens that exhibited stage 3 osteoclastic activity were observed at a low 
rate over a wide range of time. 
Stage 4 osteoclastic activity was observed in 7% of all specimens at 8, 11, 12, 
and 13+ weeks post trauma. Specifically, stump specimens exhibited the response at 
11 and 13+ weeks post amputation, removed specimens at 11 and 12 weeks post injury, 
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and fractured specimens at 8 and 13+ weeks post injury. The results of the current 
study indicated that stage 4 osteoclastic activity was observed in specimens during late 
weeks of healing, typically after 11 weeks post trauma. 
Although osteoclastic activity was typically observed after 2 weeks post injury, 7 
specimens of this sample exhibited osteoclastic activity at a macroscopic level within the 
first 2 weeks post trauma. Additionally, Barbian and Sledzik (2008) observed 
osteoclastic activity at a macroscopic level in one specimen 5 days post trauma, as well 
as an increase in osteoclastic activity in cranial bones after 7 days post trauma. Maat 
(2008) reports that osteogenesis typically occurs at a microscopic level after 7 days post 
injury. This observation is supported by other studies such as Galloway et al. (1999a) 
who report that osteoclastic activity can be macroscopically observed at 13 days post 
injury, and Yamagishi and Yoshimura (1955) who observed osteoclastic activity as early 
as 14 days post injury. 
Furthermore, osteoclastic activity was observed up to and beyond 13 weeks post 
trauma in all groups of this sample. When the rate of osteoclastic activity increases at a 
significantly higher rate than osteoblastic activity, it becomes evident that osteoblasts 
and osteoclasts are not working to form and replace bone at a normal rate of healing 
(Street et al., 2001; Li et al., 2003). Instead, it is possible that there has been a 
disruption to the healing process and the bone may be becoming necrosed (Street et al., 
2001; Li et al., 2003). 
It has been suggested that during the development of new bone tissue, the cells 
not required are eliminated through programmed cell death, also referred to as apoptosis 
(Li et al., 2003; Chan et al., 2006). Previous work conducted by Street et al. (2001) and 
Li et al. (2003) suggest that cell proliferation and apoptosis are likely to coexist during 
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fracture repair. At the same time, cell proliferation is active in early stages of apoptosis 
and during the phases of callus remodeling (Street et al., 2001 ). Apoptosis differs from 
necrosis based on the manner in which the cell death occurs (Street et al., 2001 ), in that, 
apoptosis has been observed to regulate the removal of redundant callus, while necrosis 
is a form of traumatic cell death resulting from injury (Street et al., 2001; Li et al., 2003). 
Superficial necrosis, or necrosis of the external layer of bone where the 
periosteum was attached during life was characterized by Maat (2008), which is typically 
observed after 6 weeks. This necrotic activity of the periosteal surface potentially 
constitutes stage 4 osteoclastic activity as a periosteal pathology, infection, or normal 
healing process as described by Maat (2008). Previous research has shown that this 
type of periosteal activity indicates bone pathologies such as periostitis and 
osteomyelitis, the latter being one of the common pathologies of the Civil War (Lovell, 
1997; Manring et al., 2009). Extensive porous and lightweight characteristics observed 
beyond Maat's (2008) phase 10 may be considered necrosed beyond the superficial 
layer and may have been dead due to lack of blood flow to injury site, lack of nutrition, a 
combination of factors, or it may indicate the initiation of sequestration (Lovell, 1997; 
Galloway et al., 1999a; Barbian and Sledzik, 2008). Specimens exhibiting stage 4 of 
osteoclastic activity were considered necrosed and nearly all assigned to an early stage 
of sequestration. For example, specimen number 2965 suffered nearly complete 
necrosis of a well-developed and large callus (Figure 9). These findings suggest the 
specimen was not healthy during their survival time post injury since the normal range of 
time required for the formation of a hard (secondary) callus was exceeded (8-12 weeks) 
and the condition of bone was poor. 
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4.3. Osteoblastic Activity: Osteoblastic activity was observed in 45% of the specimen 
sample between 1 and 13+ weeks post trauma. Stump specimens exhibited 
osteoblastic activity between 3 and 5, and at 13+ weeks post amputation. Removed and 
fractured specimens exhibited osteoblastic activity between 1 and 13+ weeks post injury 
with the highest number of removed specimens exhibiting the response at 4 and 13+ 
weeks post injury, and the highest number of fractured specimens exhibiting the 
response at 13+ weeks post injury. 
Overall, 5 specimens exhibited osteoblastic activity within the first 2 weeks post 
trauma, which is not a significant number to make conclusions, but still noteworthy. 
Specifically, 4 fractured specimens exhibiting osteoblastic activity were observed at 7, 8, 
10, and 13 days post injury. In addition, a removed specimen exhibiting osteoblastic 
activity was observed 2 days post injury. Twenty-six percent of the specimen sample 
exhibited osteoblastic activity between 2 and 8 weeks post injury with the majority 
derived from the fractured specimens (57%). All groups exhibited osteoblastic activity 
beyond 13 weeks post trauma (with the exception of one specimen) and a lack of bone 
remodeling (discussed further below). 
Stage 1 osteoblastic activity was observed in the specimen sample from 1 
through 8 weeks, and at 13+ weeks post trauma, peaking at 3 weeks post trauma. 
Specifically, stage 1 osteoblastic activity was observed in stump specimens at 13+ 
weeks post amputation, in removed specimens at 1 and 3 weeks post injury, and in 
fractured specimens at a low rate between 1 and 8 weeks post injury. Removed and 
fractured specimens exhibiting any evidence of osteoblastic activity were typically 
observed after 3 weeks post injury. According to Maat (2008), osteoblastic activity can 
be observed microscopically at approximately 3 to 5 days after injury as osteoid and 
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cartilage form a soft callus; however, deposits of bone are not macroscopically visible on 
the external cortical surface of bone until approximately 7 days post injury (Maat, 2008). 
The proliferation of osteoblasts that form soft callus deposits has previously been 
observed by Schultz (1997), Galloway et al. (1999), and White (2000) at a macroscopic 
level approximately 2 to 3 weeks post injury. Additionally, osteoid mineralization is 
initiated and the woven bone phase is active between 12 and 20 days post injury (Maat, 
2008). The woven bone phase, represented by stage 2 osteoblastic activity, was 
observed in the specimen sample between 2 and 13+ weeks post trauma. Specifically, 
stump and removed specimens exhibited stage 2 osteoblastic activity at 3 and 13+ 
weeks post trauma, and fractured specimens between 2 and 13+ weeks post injury. The 
results from this study reveal that the proliferation of osteoblasts (stage 2) can be 
observed in specimens at all points in time without a trend in activity. 
Stage 3 osteoblastic activity is categorized as a substantial amount of callus 
formation on the external surface for anchoring the callus, or a callus that has united 
bone fragments. Results of the present study indicate that stump specimens do not 
exhibit callus formation (stage 3) between 4 and 5 weeks post amputation. In addition, 
removed specimens did not exhibit callus formation before 9 weeks post injury. This 
suggests that removed portions of bone may have been damaged to the extent that 
healing was not successful or infection was spreading to the surrounding hard and soft 
tissues (Blaisdell, 1988; Manring et al., 2009). The analysis of callus formation in the 
stump and removed groups did not produce results comparable to fractured specimen 
results, as fractured specimens exhibited callus formation at 3 weeks post injury and 
after 8 weeks post injury. Previous studies yielded macroscopic evidence of callus 
formation between 2 and 3 weeks post injury, and a bridging callus 3 to 4 weeks post 
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injury (Yamagishi and Yoshimura, 1955; Maat, 2008). Callus formation was typically 
observed after 8 weeks post trauma in this sample with highest number of specimens 
observed after 13 weeks post trauma (N=6). 
Nearly all of the fractured specimens exhibiting a bridging callus were 
characterized by partially united and non-united calluses with severe displacement; 
however, there was an overall low number of specimens exhibiting any callus formation 
(N=15). This low number is potentially due to short posttraumatic survival time and 
influence of infection. Short posttraumatic survival time may be due to the severity of 
injuries in combination with the environmental conditions, and the lack of advanced 
medical techniques and antiseptics contributing to the spread of infectious agents 
(Blaisdell, 1988; Manring et al., 2009). 
According to Maat's (2008) ninth stage of healing, a bridging callus unites 
fractured portions of cortical bone and the callus typically reaches its maximum size. 
Three of the specimens in the present sample are comparable to Maat's (2008) bridging 
callus stage; however, there are 12 specimens that have exceeded the typical time 
frame (3 to 4 weeks) and did not display characteristics similar to those in which Maat 
(2008) proposed. In fact, not all specimens were characterized as a fracture, and 
therefore, would not be comparable to Maat's (2008) phases of healing. Instead, stump, 
removed, and even some fractured specimens exhibited a significant build up of callus 
deposits rather than uniting bone fragments by externally bridging gaps. Bridging 
calluses were exhibited in 5 fractured specimens, 1 of which follows the normal healing 
rate. The other 4 specimens exhibiting a bridging callus were characterized by woven 
bone callus uniting bone fragments, large gaps within the callus, severe displacement, 
and an overall irregular appearance suggesting the influence of infection. For example, 
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Figure 12, which depicts stage 3 osteoblastic activity, displays a grossly disfigured callus 
that was not united 137 days post injury (over 19 weeks after injury). The gross 
disfigurement of the callus is most likely a result of infection that has caused responses 
in bone that mimic osteoblastic activity, which may have attributed to the extreme and 
erratic callus formation (Barbian and Sledzik, 2008; Van Der Merwe, 2009). 
The one specimen in the current study exhibiting stage 4 osteoblastic activity 
was characterized by a hard (secondary) callus (Figure 13). This specimen was 
observed 13+ weeks post injury (103 days after fracture), which is comparable to Maat's 
hard callus phase characterized by "firm bony union and start of contour smoothing" 
(Maat, 2008; p. 246). No other specimen in this sample exhibited a hard callus, which is 
typically observed 8 to 12 weeks post injury, or remodeling, which is typically observed 1 
to 2 years post injury (Maat, 2008). Possible implications to why there is a lack of 
healed fractures in this sample include: the collection consists of specimens exhibiting 
trauma and disease, therefore, bones experiencing normal bone healing were less likely 
to be in this collection than bones exhibiting abnormal healing, most individuals did not 
survive their injuries, or did not survive long enough after injury for the healing process to 
be completed. 
In a previous study, Mabilleau and Edmonds (2010) observed that bone growth, 
repair, and remodeling may be under the influence of the nervous system. They 
reported that brain damage appeared to stimulate callus formation and fracture healing, 
while spinal injuries and paralysis resulted in pathologic fractures and excessive callus 
formation (Mabilleau and Edmonds, 2010). Bone and periosteum receive both sensory 
and autonomic innervation; however, little is known about the involvement of innervation 
in fracture healing (Mabilleau and Edmonds, 2010). Mabilleau and Edmonds (2010) 
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suggest that it is possible for innervation to play a role in controlling inflammation in soft 
tissue around the fracture site. For example, an individual suffering from Charcot neuro-
osteoarthropathy (CNO) exhibits aggressive osteoclastic activity, and excessive and 
uncontrolled inflammatory responses to trauma that potentially results in multiple 
fractures and/or disrupted joints (Mabilleau and Edmonds, 2010). Thus, osteolysis, the 
loss of bone, can result from inadequate blood supply to skeletal elements of CNO 
patients exhibiting injury (Mabilleau and Edmonds, 2010). The specimens of the Civil 
War sample displayed similar characteristics of osteoclastic and osteoblastic activity, 
which may potentially be a result of effects of inflammation of soft tissue around the 
fracture site, as well as osteolysis from inadequate blood supply. 
4.4. Sequestration: Sequestration, a bone feature characterized by necrosis, refers to 
bone that separated from healthy tissue as a result of injury or disease (Wilbur, 1998). 
The stages of sequestration applied to the current sample study describe stages of 
necrosis leading up to sequestrum and involucrum. For the purposes of this study, 
sequestration is considered beyond the stages of osteoclastic activity; however, 
osteoclastic activity did not necessarily precede sequestration, rather they are mutually 
exhibited in 48 specimens of this sample (44%). 
Sequestration was observed in the present specimen sample at all weeks from 1 
to 13+ weeks post trauma. Specifically, stump specimens exhibited sequestration 
between 4 and 13+ weeks post amputation, and removed and fractured specimens 
between 1 and 13+ weeks post injury. The low number of specimens exhibiting 
sequestration in the first 2 weeks post trauma may reflect Barbian and Sledzik's (2008) 
proposed latency period. Notably, there was a peak in the number of specimens 
exhibiting the response at 3, 4, and 13+ weeks post trauma. Among all of the groups of 
69 
this sample, sequestration was observed in the highest number of stump specimens at 
13+ weeks post amputation and the highest number of removed specimens 3 weeks 
post injury. In fractured specimens, sequestration was exhibited in the highest number 
of specimens 4 weeks post injury and did not display a steady decrease in specimens 
exhibiting the response until after 8 weeks post injury. The overall number of specimens 
exhibiting sequestration increased after 2 weeks post trauma, decreased after 4 weeks 
post trauma, and increased again 13+ weeks post trauma. 
Stage 1 sequestration was observed in all specimens between 1 and 13+ weeks 
post trauma with peaks of activity at 4 and 13+ weeks post trauma. Specifically, stage 1 
sequestration was observed in stump specimens at 4, 5, 7, and 8 weeks post 
amputation, in removed specimens at 1, 4, and 13+ weeks post injury, and in fractured 
specimens between weeks 2 and 13+ weeks post injury. There were no peaks in the 
frequency of the number of specimens exhibiting stages 2, 3, and 4 sequestration, rather 
the number of responses observed in specimens remained consistent throughout all 
weeks for these stages. 
Stage 2 sequestration was observed in the overall specimen sample between 2 
and 13+ weeks post trauma with a significant number of specimens exhibiting the 
response after 13 weeks. Specifically, stage 2 sequestration was observed in stump 
specimens at 3 and 13+ weeks post amputation, in removed specimens at 2, 3, and 13+ 
weeks post injury with a peak in activity 3 weeks post injury, and in fractured specimens 
between 3 and 7 weeks post injury peaking at 4 and 6 weeks post injury. Approximately 
7 4% of the stump specimens characterized by sequestration exhibited stage 2 after 13 
weeks post amputation, which indicates a light, porous appearance of bone can be 
observed in late weeks after injury. Additionally, cancellous bone exposed at articular 
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areas (as a result of necrosis) was categorized as stage 2 sequestration despite the 
mineralized nature of the bone's shaft. In other words, to be categorized as stage 2 
sequestration, complete necrosis of the entire bone does not need to be present. The 
necrosis of articular ends should not be confused with taphonomic effects such as shelf 
wear, which appears as smoothing, discoloration, or represented by porotic activity at 
points on the bone that may rub against the surface of the table or bin. 
Sequestration can provide significant information about the vitality of the bone 
and the degree of infection in which the individual experienced. Specimens exhibiting 
stage 3 and 4 sequestration revealed positive evidence of infection, which is supported 
by Barbian and Sledzik's (2008) analysis of cranial bones that states sequestration is 
rare when infection is not present. Stage 3 sequestration is observed in 8% of the 
specimen sample at 7, 8, and 12 weeks post trauma. There were no stump specimens 
that exhibited stage 3; however, removed specimens exhibited stage 3 at 7 and 12 
weeks post injury, and fractured specimens exhibited stage 3 at 8 weeks post injury. 
Stage 3 sequestration was established to include specimens that retained some portion 
of living bone, and differentiates from stage 4, which is characterized by full sequestrum 
and involucrum lacking the presence of living bone. Results from the present study 
sample suggest the initial development of involucrum and partial sequestration is 
typically observed after 7 weeks post trauma. 
Stage 4 sequestration was observed in 7% of all specimens that exhibited full 
sequestration at 4, 11, 12, and 13+ weeks post trauma. Specifically, stump specimens 
exhibited stage 4 sequestration at 11 weeks post amputation, removed specimens 
exhibited stage 4 at 4, 11, and 12 weeks post injury, and fractured specimens exhibited 
stage 4 at 13+ weeks post injury. Results from the present study indicate involucra and 
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sequestra can be observed 4 weeks post trauma; however, they are typically observed 
after 11 weeks post trauma. The observations of stage 3 and stage 4 sequestration 
indicate that the bone is not undergoing a healthy healing process but suffering from 
infection (Barbian and Sledzik, 2008). 
Infection was present in nearly 100% of the individuals of the Civil War suffering 
from gunshot wounds, and nearly three times as many soldiers died from infection than 
from their wounds (Blasidell, 1988; Barbian and Sledzik, 2008; Manring et al., 2009). In 
fact, surgeons would perform amputations as soon as possible to prevent infection from 
spreading throughout the body; however, the importance of hygiene and cleanliness had 
not been recognized at this time and individuals were exposed to infectious battlefield 
and hospital environments without antiseptics or antibiotics (Blaisdell, 1988; Manring et 
al., 2009). This high rate and strong influence of infection is an important consideration 
in the evaluation of all groups of this Civil war sample. 
4.5. Score of Responses: The score of responses provides useful information about 
combinations of responses observed in specimens and how long after trauma they were 
observed. Seventeen specimens in this sample yielded a total score of 0, which 
indicates 16% of the sample did not exhibit any responses of healing. Seventy percent 
of the specimens with a total score of 0 were observed during the first week post trauma; 
however, there was a significant decrease in specimens with a total score of 0 after 1 
week post trauma. Specifically, stump specimens with a total score of 0 were only 
observed in the first week post amputation, nearly all removed specimens with a total 
score of 0 were observed in the first week (with one observed in 3 weeks post injury) 
and fractured specimens with a total score of 0 were observed between 1 and 5 weeks 
post injury. These results indicate that individuals may survive up to 5 weeks post 
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trauma without exhibiting any macroscopic signs of healing. Additionally, results of this 
study suggest that an individual not exhibiting signs of healing is typically observed 
within the first week post trauma. 
Concurrently, it is typical for specimens exhibiting macroscopic evidence of 
healing (represented by a total score of 1, 2, 3, or 4) to have survived longer than one 
week after trauma. Of the 18 specimens that yielded a total score of 1 in this sample, 6 
were observed in the first week followed by a significant decrease in number of 
specimens between 2 and 13+ weeks post trauma. Specifically, of the 6 specimens that 
yielded a total score of 1 observed in the first week post trauma, 4 displayed a line of 
demarcation (at 2, 4, 6, and 6 days post trauma), 1 displayed osteoclastic activity (2 
days post trauma), and 1 displayed osteoblastic activity (7 days post trauma). Within the 
second week, a stump specimens exhibited a line of demarcation 10 days post 
amputation, a removed specimen exhibited a line of demarcation 14 days post injury, 
and a fractured specimen exhibited a line of demarcation 12 days post injury. There 
were no specimens with a total score of 1 between 8 and 11 weeks; however, 3 
specimens with a total score of 1 were observed at 12 and 13+ weeks post trauma 
(including 1 specimen exhibiting a line of demarcation and 2 specimens exhibiting 
osteoblastic activity). 
Removed specimens yielding a total score of 1 exhibited a line of demarcation 
between 1 and 5 weeks, and osteoblastic activity at 13+ weeks post injury; however, 
stump specimens did not yield a total score of 1 beyond 2 weeks post injury. 
Additionally, sequestration was observed in a removed and a fractured specimen 4 
weeks post injury, and a fractured specimen exhibiting a line of demarcation and a 
fractured specimen exhibiting osteoblastic activity were observed 12 weeks post injury. 
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Overall, the results from the specimens with a total score of 1 indicate a line of 
demarcation is observed at early weeks post trauma, osteoblastic activity is observed 
during late weeks post trauma, and sequestration and osteoclastic activity are not 
typically observed without another response. 
Forty-four percent of the sample yielded a total score of 2, with a significant 
number of specimens exhibiting a combination of 2 responses at 3 and 4 weeks post 
trauma. In the first week post trauma, a line of demarcation and osteoclastic activity 
were observed together and in the second week post trauma, a combination of 
osteoclastic and osteoblastic activity and a combination of osteoclastic activity and 
sequestration were observed. Of the 17 specimens with a total score of 2 in the third 
and forth weeks post trauma, 9 exhibited a combination of osteoclastic activity and 
sequestration, 5 displayed a combination of osteoclastic and osteoblastic activity, 2 
displayed a line of demarcation and osteoclastic activity, and 1 exhibited a line of 
demarcation and osteoblastic activity. After 13+ weeks post trauma, there were 8 
specimens with a total score of 2 consisting of 5 specimens exhibiting a combination of 
osteoclastic and osteoblastic activity, and 3 exhibiting a combination of osteoclastic 
activity and sequestration. 
There was no trend in the number of stump specimens with a total score of 2 
between 1 and 13+ weeks post amputation; however, a total score of 2 was the most 
frequently occurring score in stump specimens (N=13). The combinations of responses 
in stump specimens include: 8 specimens with a combination of osteoclastic activity and 
sequestration, 4 specimens with a combination of osteoclastic and osteoblastic activity, 
and 1 specimen with a combination of a line of demarcation and osteoclastic activity. 
Six removed specimens yielded a total score of 2 between 2 and 4 weeks post injury, 
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and the combinations are as follows: line of demarcation and osteoclastic activity, 
osteoclastic activity and osteoblastic activity, and osteoclastic activity and sequestration. 
In addition, osteoclastic activity and sequestration were observed together in removed 
specimens at 9, 11, and 12 weeks post injury. Approximately 45% of fractured 
specimens yielded a total score of 2, including the combination of all responses at 3 and 
4 weeks post injury except for osteoblastic activity and sequestration, which is not 
observed in any specimens of this sample. At 13+ weeks post injury there were 4 
fractured specimens that exhibited a combination of osteoclastic activity and osteoblastic 
activity, and 1 fractured specimen that exhibited a combination of osteoclastic activity 
and sequestration. The results of this study show a decrease in all specimens with a 
total score of 2 between 5 and 12 weeks, and the combination of osteoclastic activity 
and sequestration was the most typical combination of responses. 
Twenty specimens, or 18% of specimens in this sample, yielded a total score of 3 
without a trend in frequency. The highest number of specimens represented by a total 
score of 3 was observed at 13+ weeks, consisting of a combination of osteoclastic 
activity, osteoblastic activity, and sequestration. This combination of responses is the 
most common in stump, removed, and fractured specimen groups. Other combinations 
occur in stump and fractured specimens such as a combination of a line of demarcation, 
osteoclastic activity and osteoblastic activity, and a combination of a line of demarcation, 
osteoclastic activity and sequestration; however, the combination of a line of 
demarcation, osteoblastic activity and sequestration is not exhibited in any specimens of 
this sample. Notably, the combinations of responses in specimens with a total score of 3 
including a line of demarcation did not exceed 5 weeks post trauma. 
75 
Approximately 5% of the specimen sample yielded a total score of 4 between 2 
and 9 weeks post trauma. Specifically, a fractured specimen was observed at 2, 5, 8, 
and 9 weeks post injury, 2 removed specimens observed at 3 weeks post injury, and no 
stump specimens with a total score of 4 were observed in this sample. None of the 
specimens yielding a total score of 4 were observed with a survival time of beyond 9 
weeks despite the overall high number of specimens with a survival time beyond 9 
weeks post trauma. The lack of specimens with a total score of 4 in late weeks of 
healing and the overall low number of specimens with a total score of 4 indicates that the 
number of bone responses to trauma does not increase over time. 
4.6. Comparison to Barbian and Sledzik (2008): The results of this study were 
compared to Barbian and Sledzik's (2008) study; however, the current study utilized long 
bones rather than cranial bones as used in the previous study. Since it has been 
recognized that fracture healing rates vary among skeletal elements, the difference 
between cranial and postcranial bones should be considered in regards to healing 
characteristics, rate of healing, and fracture biomechanics (Shipman et al., 1985; Peltier, 
1990; Lovell, 1997; Galloway et al., 1999b). Postcranial bones differ from cranial bones 
in shape, size, density, and availability of_blood supply, which are all contributors to the 
healing process (Lovell, 1997; Pearson and Lieberman, 2004). Postcranial long bones, 
being tubular in shape are comprised of cortical bone, which differ from flat bones 
(characteristic of cranial bones) that are comprised of two layers of cortical bone 
surrounding cancellous bone (Lovell, 1997; White, 2000). Additionally, cancellous bone 
is observed at the articular ends of long bones, while cortical bone makes up the 
majority of adult long bones (White, 2000). These features of bone structure are critical 
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to the amount of blood flow to fracture site, which ultimately contribute to the rate of 
healing (Schultz, 1997; White, 2000). 
There were several similarities and differences between the results of the present 
study and Barbian and Sledzik's (2008). Barbian and Sledzik (2008) suggested that the 
first 2 weeks after trauma might have served as a latency stage for all responses, which 
is consistent in the current study. They also suggested that a line of demarcation 
distinguishes living bone from bone that is not surviving. Only four specimens exhibited 
this feature of a line of demarcation (stage 3), which is not a reliable number to make 
conclusions that support Barbian and Sledzik's (2008). In addition, the earliest observed 
response in Barbian and Sledzik's (2008) study was osteoclastic activity at 5 days post 
trauma. In the present study the earliest responses in stump specimens was 
osteoclastic activity 2 days post amputation and a line of demarcation 6 days post 
amputation. The earliest responses in removed specimens was a line of demarcation 4 
and 6 days post injury, and the earliest responses in fractured specimens was a line of 
demarcation observed 2 days post injury and osteoclastic activity observed 7 days post 
injury. 
In general, Barbian and Sledzik (2008) found osteoclastic activity and 
osteoblastic activity to be absent in the first week post trauma; however, both responses 
were observed in 100% of their sample 6 weeks post trauma. Their high account for 
osteoclastic and osteoblastic activity was not observed in the present study. The 
frequency of osteoclastic and osteoblastic activity in specimens decreased after 6 weeks 
in the current study; however, both responses were present in 80% of the specimens 
after 6 weeks post trauma. In fact, osteoclastic activity was the most frequently 
occurring response observed, sequestration the second most, then osteoblastic activity, 
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and finally a line of demarcation. Notably, osteoclastic activity and sequestration were 
observed in conjunction after 8 weeks post trauma in the present study (N=21) and in 
Barbian and Sledzik's (2008) study, indicating macroscopic evidence of osteoclastic 
activity after 8 weeks may be associated with infection. 
Sequestration was observed in Barbian and Sledzik's (2008) study at a low and 
varying rate, whereas sequestration was high in specimens 3 and 4 weeks post trauma 
in the current sample. Additionally, Barbian and Sledzik (2008) observed sequestration 
in 50% of the sample after 6 weeks, which is also reflected in the present sample (47%). 
Approximately 52% of stump specimens, 46% of removed specimens and 45% of 
fractured specimens exhibited sequestration. Barbian and Sledzik (2008) observed 
sequestration as a long-term event, in that specimens exhibited evidence of 
sequestration well beyond 8 weeks post trauma. At the same time, they observed no 
trend in specimens exhibiting sequestration, and that at no point in time did the entire 
sample display sequestration. The present study reflects that the entire sample did not 
display sequestration at any point in time; however, the present sample did not show the 
same increase in frequency beyond 8 weeks post trauma. In fact, the specimens of this 
sample generally exhibi_ted osteoclastic activity, osteoblastic activity, and sequestration 
with the same trend in late weeks of the healing process. 
4.7. Limitations: A limitation of this study is that the same responses are being used to 
evaluate three different mechanisms of trauma: the proximal portion of bone after 
amputation (stumps), the distal portion of bone after amputation (removed), and 
fractured bones. To be more specific, these various types of injuries typically exhibit 
different patterns of healing. For example, fractures heal by forming a callus that unites 
fractured portions of bone, while amputation requires the rounding of the stump. 
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Removed specimens were typically removed within 24 hours following a severe gunshot 
wound because the bone was severely damaged and/or infected (Blaisdell, 1988). The 
portion of removed bone may be used to assess the fracture healing process; however, 
it is important to note that the removed bone was severely damaged and/or fighting 
infection, which may alter the bone normal healing process. In fact, the removal of bone, 
referred to as debridement, was typically performed to prevent the spread of infection 
and allow the intact portion of bone to remain healthy (Blaisdell, 1988). 
The influence of infection in this sample is a limitation as the rate of healing 
differed from the normal healing process rates developed by Maat (2008). Infection not 
only affects the rate of healing in bone but may also cause the bone responses to 
infection to mimic the targeted bone responses of this study. Importantly, Barbian and 
Sledzik (2008) utilized the same sample with a similar rate of infection to isolate the four 
targeted bone responses to injury; therefore, the appearances and rates of the targeted 
bone responses may be limited to this sample type (victims of war without antibiotics or 
antiseptics). Further studies should be performed to analyze the four responses to bone 
in a sample without infection. 
4.8. Future Di_rection: Further studies can be done using this data set to compare the 
three groups using statistical analysis. The statistical analysis will show how the bone 
responses in each type of mechanism of trauma (stump, removed, fractured) are similar, 
how they differ, and how they compare over time. Additional research may be 
performed to analyze these responses at a microscopic level using the same responses. 
In the end, a relationship between microscopic and macroscopic assessments of these 
responses may be more useful as a combined effort, rather than two separate 
descriptions. 
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5. Conclusions: Major conclusions about characteristics of the four responses of bone 
healing following trauma and the time in which they were typically observed were 
obtained from this study. The four responses to injury were observed at various times 
among the three different groups of specimens analyzed during this study. 
A line of demarcation was generally observed in early weeks of the healing 
process, specifically between 1 and 4 weeks post injury. Fractured specimens exhibiting 
a line of demarcation were observed up to 12 weeks post injury; however, stump and 
removed specimens did not display a line of demarcation in any specimens after 4 
weeks post injury. 
Osteoclastic activity was observed in more than 50% of the sample and there 
was slight evidence of osteoclastic activity observed in all groups at all weeks. In fact, 
osteoclastic activity was the most commonly observed response among all groups. 
Osteoblastic activity was typically observed 3 weeks post injury in removed and 
fractured specimens, and 13+ weeks post amputation in the stump specimens. There 
was no consistent trend or typical time frame that callus formation was observed in 
stump and removed specimens; however, in fractured specimens, callus formation was 
observed at 3 weeks post injury and after 8 weeks post injury. These results indicate 
that there were differences between groups regarding callus formation; however, there 
was an overall low number of specimens exhibiting callus formation in this study (N=15, 
14%). 
The analysis of sequestration in specimens of this sample indicates that this 
response was typically observed in late phases of healing for all groups. Specifically, 
involucra and sequestra in this sample were typically observed after 11 weeks post 
trauma. 
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When the data was pooled to create a total score per specimen, there was no 
positive relationship observed over time. Only five percent of the sample yielded a total 
score of 4 and no specimens greater than 9 weeks post trauma yielded a total score of 
4. This observation may be explained by the ephemeral character of certain responses, 
such as a line of demarcation, which was only observed during the early post-trauma 
period. The appearance of a line of demarcation restricts the number of specimens 
yielding a total score of 4 to the early post-trauma interval. 
Bone responses to injury were observed to be more complex than the calculation 
of the total score per specimen proposed by Barbian and Sledzik (2008), therefore 
ordinal stages of healing were developed. These stages of healing evaluated for each 
response are useful in assessing bone responses to injury because they provide 
common descriptions and terminology. The ordinal stages of a line of demarcation were 
not observed as a progressive trend over time; however, the ordinal stages of 
osteoclastic activity, osteoblastic activity, and sequestration maintained the progressive 
trend over time. 
The observations from this study contribute to the evaluation of time since injury, 
which is an important responsibility for the forensic anthropologist. The description of 
each bone response, portrayed as stages in this study, could assist the forensic 
anthropologist in communicating their descriptions of bone responses to injury to other 
professionals and provide a typical time frame that these responses occur. An 
estimated time in which an individual sustained an injury before death may be a critical 
piece of information to a forensic investigation by providing information, not only about 
the type of injury the individual sustained, but how long before death the injury 
happened. Such information may help with identifying an individual based on facts 
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about injuries sustained during life. Being able to accurately estimate the timing of 
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